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Dear reader, Dear colleagues, Dear
hyperthermia specialists

Our newspaper has been working on publishing a
new edition for some time. However, economic
challenges and the retirement of Editorial Board
members have caused delays.

This volume includes materials from 2024, which are
likely of interest to our readers.

The initial article discusses a novel phenomenon and
a cutting - edge advancement in Oncothermia. The
pulsed and modulated RF signal, derived from recent
research, shows potential to enhance clinical
practice and yield better results.

The review of preclinical verifications of oncothermia

is divided into three parts, providing compelling
evidence to doctors and patients about the
method's exceptional capabilities and clear
excellence, highlighting the shift toward immuno -
oncology.

These expectations are fulfilled in clinical practice, as
illustrated by Dr. Nair's article on successfully
treating high - grade glioma. Additionally, his other
article emphasizes the significance of integrative
medicine in managing breast cancer, specifica |Ily
through Oncothermia.

0CSCPROZCC - CDRAI T CgUUI CC

fundamentals and key applications of Oncothermia,
presenting an informative and well - structured review
of this fast - evolving subject.

| believe this material offers an excellent update on
the successes of the mEHT method. You will find this
issue of Oncothermia Journal useful in your daily
medical practice. Recent preclinical and clinical data
highlight the superiority of mEHT, confirmin g its
expected benefits and validating its role in oncology.

Dr. Andras Szasz

Professor, Chair, Biotechnics Department of Hungarian
University of Agriculture and Life Sciences

Liebe Leser,
liebe Kollegen,
liebe Hyperthermie

-Experten

Unsere Zeitung arbeitet seit einiger Zeit daran, eine neue
Ausgabe zZu veroffentlichen. Wirtschaftliche
Herausforderungen und der Ruhestand von Mitgliedern
des  Redaktionsausschusses haben jedoch  zu
Verzogerungen gefuhrt.

Diese Ausgabe enthalt Materialien aus dem Jahr 2024, die
fir unsere Leser von Interesse sein dirften.

Der erste Artikel befasst sich mit einem neuartigen
Phanomen und einer bahnbrechenden Weiterentwicklung
in der Oncothermie. Das aus jungsten
Forschungsergebnissen hervorgegangene gepulste und
modulierte HF - Signal zeigt das Potenzial, die klinische
Praxis zu verbessern und bessere Ergebnisse zu erzielen.

Die Ubersicht tiber die praklinischen Verifizierungen der
Oncothermie ist in drei Teile gegliedert und liefert Arzten
und Patienten Uberzeugende Belege fur die
aulBergewOhnlichen  Mdglichkeiten und die klare
Uberlegenheit der Methode. Dabei wird insbesondere  die
Entwicklung hin zur Immunonkologie hervorgehoben.

Diese Erwartungen werden in der klinischen Praxis erflillt,
wie der Artikel von Dr. Nair Uber die erfolgreiche
Behandlung eines hochgradigen Glioms zeigt. Darlber
hinaus unterstreicht sein weiterer Artikel die Bedeutung
der integrativen Medizin bei der Behandlung von
Brustkrebs, insbesondere durch den Einsatz der
Oncothermie.

Der Artikel von Dr. Kim bietet eine klare Zusammenfassung
der Grundlagen und der wichtigsten Anwendungen der
Oncothermie und stellt eine informative und gut
strukturierte  Ubersicht (ber dieses sich schnell
entwickelnde Gebiet dar.

Ich bin der Meinung, dass dieses Material eine
ausgezeichnete Aktualisierung Uber die Erfolge der
mEHT- Methode bietet. Sie werden diese Ausgabe des
Oncothermia Journal fur Ihre tagliche medizinische Praxis
als nutzlich empfinden. Die aktuellen praklinische n und
klinischen Daten unterstreichen die Uberlegenheit der
mEHT, bestatigen ihre erwarteten Vorteile und belegen
ihre Rolle in der Onkologie.
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As the editorial team we are committed to a firm and coherent editorial line and the highest possible
printing standards. But it is mainly you, the author, who makes sure that the Oncothermia Journal is an
interesting and diversified magazine. We want to t hank every one of you who supports us in exchanging
professional views and experiences. To help you and to make it easier for both of us, we prepared the

following rules and guidelines for abstract submission.

Als redaktionelles Team vertreten wir eine stringente Linie und versuchen, unserer Publikation den
héchst méglichen Standard zu verleihen. Es sind aber hauptsachlich Sie als Autor, der dafiir Sorge tragt,
dass das Oncothermia Journal zu einem interessanten und abwechslungsreichen Magazin wird. Wir
mochten allen danken, die uns im Austausch professioneller Betrachtungen und Erfahrungen
unterstutzen. Um beiden Seiten die Arbeit zu erleichtern, haben wir die folgenden Richtlinien fur die
Texterstellung entworfen.

1. Aims and Scope

The Oncothermia Journal is an official journal of the Oncotherm Group, devoted to supporting those who
would like to publish their results for general use. Additionally, it provides a collection of different publications

and results. The Oncothermia Journa | is open towards new and different contents  but it should particularly
contain complete study - papers, case - reports, reviews, hypotheses, opinions and all the informative materials
which could be helpful for the international Oncothermia community. Advertisement connected to the topic

is also welcom e.

9 Clinical studies: regional or local or multilocal Oncothermia or electro cancer therapy (ECT)
treatments, case -reports, practical considerations in complex therapies, clinical trials, physiological
effects, Oncothermia in combination with other modalities and treatment optimization

9 Biological studies: mechanisms of Oncothermia, thermal - or non-temperature dependent effects,
response to electric fields, bioelectromagnetic applications for tumors , Oncothermia treatment
combination with other modalities, effects on normal and malignant cells and tissues, immunological
effects, physiological effects, etc.

I  Techniques of Oncothermia: technical development, new technical solutions, proposals

1 Hypotheses, suggestions and opinions to improve Oncothermia and electro  -cancer-therapy
methods, intending the development of the treatments

Further in formation about the journal, including links to the online sample copies and content pages can
be found on the website of the journal: www.oncothermia -journal.com

Umfang und Ziele

Das Oncothermia Journal ist das offizielle Magazin der Oncotherm Gruppe und soll diejenigen unterstitzen,
die ihre Ergebnisse der Allgemeinheit zur Verfigung stellen méchten. Das Oncothermia Journal ist neuen
Inhalten gegenuber offen, sollte aber vor allem Studienarbeiten, Fallstudien, Hypothesen, Meinungen und alle
weiteren informativen Materialien, die fir die internationale Oncothermie - Gemeinschaft hilfreich sein
kdnnten, enthalten. Werbung mit Bezug zum Thema ist ebenfalls willkommen.

9 Klinische Studien: regionale, lokale oder multilokale Oncothermie oder Electro Cancer Therapy (ECT)
Behandlungen, Fallstudien, praktische Erfahrungen in komplexen Behandlungen, klinische Versuche,

Oncothermia Journal Volume 3 8 | August 2026


http://www.oncothermia-journal.com/

physiologische Effekte, Oncothermie in  Kombination mit anderen Modalitdten und
Behandlungsoptimierungen

i Biologische Studien: Mechanismen der Oncothermie, thermale oder temperaturunabhangige Effekte,
Ansprechen auf ein elektrischesFeld, bioelektromagnetische Anwendungen bei Tumoren,
Kombination von Oncothermie und anderen Modalitaten, Effekte auf normale und maligne Zellen und
Gewebe, immunologische Effekte, physiologische Effekte etc.

1 Oncothermie - Techniken: technische Entwicklungen, neue technische Lésungen

1 Hypothesen undMeinungen, wie die Oncothermie - und ECT- Methoden verbessert werden kénnen,
um die Behandlung zu unterstiitzen

Weitere Informationen zum Journal sowie Links zu Online - Beispielen und Inhaltsbeschreibung sind auf der
Website zu finden: www.oncothermia -journal.com

2. Submission of Manuscripts

All submissions should be made online via email :info@oncotherm.org

Manuskripte einreichen

Manuskripte kénnen online eingereicht werden :info@oncotherm.org

3. Preparation of Manuscripts

Manuscripts must be written in English, but other languages can be accepted for special reasons, if an English
abstract is provided.

Texts should be submitted in a format compatible with Microsoft Word for Windows (PC). Charts and tables
are considered textual and should also be submitted in a format compatible with Word. All figures
(illustrations, diagrams, photographs) should be prov ided in JPG format.

Manuscripts may be any length, but must include:

1  Title Page: title of the paper, authors and their affiliations, 1 -5 keywords, at least one corresponding
author should be listed, email address and full contact information must be provided

9 Abstracts: Abstracts should include the purpose, materials, methods, results and conclusions.
T Test: unlimited volume

1  Tables and Figures: Tables and figures should be referred to in the text (numbered figures and tables).
Each table and/or figure must have a legend that explains its purpose without a reference to the text.
Figure files will ideally be submitted as a jpg - file (300dpi for photos).

1 References: Oncothermia Journal uses the Vancouver (Author -Number) system to indicate
references in the text, tables and legends, e.g. [1], [1- 3]. The full references should be listed numerically
in order of appearance and presented following the text oft ~ he manuscript.

Manuskripte vorbereiten

Manuskripte missen in englischer Sprache vorliegen. Andere Sprachen kénnen in Ausnahmeféllen akzeptiert
werden, wenn ein englisches Abstract vorliegt.

Texte sollten in einem mit Microsoft Word fur Windows (PC) kompatiblen Format eingereicht werden. Tabellen
sollten in einem Word - kompatiblen Format eingefliigt werden. Alle Graphiken (lllustrationen, Diagramme,
Photographien) sollten im jpg Format vorliegen.

Manuskripte kdnnen jede Lange haben, missen aber die folgenden Punkte erfillen:

9 Titelseite: Titel der Arbeit, Autor, Klinikzugehorigkeit, 1 -5 Schllsselworte, mindestens ein Autor muss
genannt werden, E - Mail- Adresse und Kontaktdetails des Autors
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I  Abstracts: Abstracts miissen Zielsetzung, Material und Methoden, Ergebnisse und Fazit enthalten.
I  Text: beliebige Lange

1 Abbildungen und Tabellen: Abbildungen und Tabellen sollten im Text erlautert werden (nummeriert).
Jede Abbildung / Tabelle muss eine erklarende Bildunterschrift haben. Bilder sollten als jpg
eingereicht werden (300 dpi).

1 Zitate: Das Oncothermia Journal verwendet die Vancouver Methode (Autornummer), um Zitate
auszuweisen, z.B. [1], {B]. Die Bibliographie erfolgt numerisch in Reihenfolge der Erwahnung im Text.

4. Copyright

It is a condition of publication that authors assign copyright or license the publication rights in their articles,
including abstracts, to the publisher. The transmitted rights are not exclusive, the author(s) can use the
submitted material without limita tions, but the Oncothermia Journal also has the right to use it.

Copyright

Es ist eine Publikationsvoraussetzung, dass die Autoren die Erlaubnis zur Publikation ihres eingereichten
Artikels und des dazugehérigen Abstracts unterschreiben. Die Uberschriebenen Rechte sind nicht exklusiv,
der Autor kann das eingereichte Material ohne Limitation nutzen.

5. Electronic Proofs

When the proofs are ready, the corresponding authors will receive ane - mail notification. Hard copies of proofs
will not be mailed. To avoid delays in the publication, corrections to proofs must be returned within 48 hours,

by electronic transmittal or fax

Elektronische Korrekturfahne

Wenn die Korrekturfahnen fertig gestellt sind, werden die Autoren per E - Mail informiert. Gedruckte Kopien
werden nicht per Post versandt. Um Verzégerungen in der Produktion zu verhindern, miissen die korrigierten
Texte innerhalb von 48 Stunden per E - Mail oder Fax zuriickgesandt werden.

6. Offprints and Reprints

Author(s) will have the opportunity to download the materials in electronic form and use it for their own
purposes. Offprints or reprints of the Oncothermia Journal are not available.

Sonderdrucke und Nachdrucke

Die Autoren haben die Mdglichkeit, das Material in elektronischer Form herunterzuladen, Sonderdrucke und
Nachdrucke des Oncothermia Journals sind nicht erhaltlich.

7. Advertisement

The Oncothermia Journal accepts advertising in any language but prefers advertisements in English or at least
partially in English. The advertising must have a connection to the topics in the Oncothermia Journal and must
be legally correct, having checked that all information is true.

Werbung

Das Oncothermia Journal akzeptiert Werbeanzeigen in allen Sprachen, bevorzugt, aber die zumindest teilweise
Gestaltung in englischer Sprache. Die Werbung muss eine Beziehung zu den Themen des Oncothermia
Journals haben und der Wahrheit entsprechende Inhalt e aufweisen.
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8. Legal responsibility

Authors of any publications in the Oncothermia Journal are fully responsible for the material which is
published. The Oncothermia Journal has no responsibility for legal conflicts due to any publications. The
editorial board has the right to reject any pub lication if its validity has not been verified enough or the board
is not convinced by the authors.

Haftung

Die Autoren aller im Oncothermia Journal veréffentlichten Artikel sind in vollem Umfang fir ihre Texte
verantwortlich. Das Oncothermia Journal Gbernimmt keinerlei Haftung fir die Artikel der Autoren. Die
Redaktion hat das Recht Artikel abzulehnen.

9. Reviewing

The Oncothermia Journal has a special peer -reviewing process, represented by the editorial board members
and specialists, to whom they are connected. To avoid personal conflicts the opinion of the reviewer will not
be released and her/his name will be hand led confidentially. Papers which are not connected to the topics of
the journal could be rejected without reviewing.

Bewertung

Die Texte fur das Oncothermia Journal werden durch die Redaktion kontrolliert. Um Konflikte zu vermeiden,
werden die Namen des jeweiligen Korrektors nicht ¢ffentlich genannt. Artikel, die nicht zu den Themen des
Journals passen, kdnnen abgelehnt werden
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Heat shock factor 1 inhibition enhances the
ef fects of modulated electro hyperthermia in a
triple negative breast cancer mouse model
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Modulated electrohyperthermia (mEHT) is anon -invasive complementary cancer therapy using an
electromagnetic feld generated by amplitude modulated 13.56 MHz frequency that induces tumor

cell destruction. However, we have demonstrated a strong induction of the heat shock response
(HSR) by mEHT, which can result in thermotolerance. We hypothesized that inhibition of th e heat
shock factor 1 (HSF1) can synergize with mEHT and enhance tumor cell - killing. Thus, we either
knocked down the HSF1 gene with a CRISPR/Cas9 lentiviral construct or inhibited HSF1 with a
specifc small molecule inhibitor: KRIBB11 in vivo. Wild type or HSFiknockdown 4T1 TNBC cells were
R6GAEI - DPIECRODPgCHPIi C0O-00- CRCUI - 6EzZCCU- PCa-ECgUC*
performed every second day and the tumor growth was followed by ultrasound and caliper. KRIBB11
was administrated intraperitoneally at 50 mg/kg daily for 8 days. HSF1 and Hsp70 expression were
assessed. HSF1 knockdown sensitized transduced cancer cells to mEHT and reduced tumor growth.
HSF1 mRNA expression was signifcantly reduced in the KO group when compared to the empty
vector group, and consequently mEHT -induced Hsp70 mRNA upregulation diminished in the KO
group. Immunohistochemistry (IHC) confrmed the inhibition of Hsp70 upregulation in mEHT HSF1 -
KO group. Demonstratin g the translational potential of HSF1 inhibition, combined therapy of mEHT
with KRIBB11 signifcantly reduced tumor mass compared to either monotherapy. Inhibition of
Hsp70 upregulation by mEHT was also supported by gPCR and IHC. In conclusion, we suggest that
mMEHT- therapy combined with HSF1 inhibition can be a possible new strategy of TNBC treatment

with great translational potential.

Keywords
Triple- negative breast cancer, Modulated electro - hyperthermia, Heat shock response, HSF1, Hsp70

Abbreviations

ER Estrogen receptor

EV Empty vector

HER2 Human epidermal growth factor receptor 2

HSF1 Heat shock factor 1

Hsp Heat shock protein

HSR Heat shock response

IHC Immunohistochemistry

KO Knockdown

MEHT Modulated electro - hypertermia

PR Progesterone receptor

RF Radiofrequency

ShRNA Short hairpin RNA

TDR Tumor destruction ratio

TNBC Triple- negative breast cancer

Veh Vehicle

WT Wild- type

Female breast cancer is the most diagnosed cancer type and has surpassed lung cancer as the
leading cause of global cancer incidence in 2020, with an estimated 2.3 million new cases,
representing 11.7% of all cancer cases. Triple- negative breast cancer (TNBC) lacks expression of
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor
2 (HER2), and is the most aggressive type accounting for 15 J20% of all breast cancer cases 2 with
poor prognosis ® . As TNBC lacks targetable receptor expression, there is no endocrine or targeted
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therapy available at present. Tus, efective TNBC treatment regimens are still lacking # . Terefore,
development of new TNBC treatment strategies is an unmet clinical need  °.

Modulated electro -hyperthermia (mEHT) treatment (Oncothermia) is a non -invasive
complementary cancer therapy applied in the clinics successfully 6V10 mEHT uses an
electromagnetic feld generated by amplitude modulated 13.56 MHz frequency that induces tumor

cell destruction ! Te modulated radiofrequency (RF) energy is directed to the tumor area and
creates a heat fow that triggers biochemical processes in the malignant cell membrane, causing
apoptotic cell death 21* Te cell kiling efects are targeted due to diferences between the
electromagnetic properties of lipid rafs (electrical conductivity and permeability) of cancer cells

and surrounding normal tissue !4 Unlike convetional hyperthermia the surrounding normal tissues
are minimally damaged during mEHT treatments % Te specifc radiofrequency has been clinically
used to treat tumors for approximately 20 years  ®.

The mEHT-induced energy absorbed by tumor tissues results in temperature elevation,
hence inducing the heat shock response (HSR) . Te HSR, initiated by its master regulator, the heat
shock transcription factor 1 (HSF1), protects cells from a wide range of stresses, including heat
stress 8 As described before, cell survival is achieved through the activation of anti - apoptotic
proteins and the inhibition of pro -apoptotic proteins, such as Hsp70, a phenomenon known as
thermotolerance, which enables cancer cells to withstand the efects of hea t1% Hsp70 is a molecular
chaperone able to restore the balance of cell proteome by protecting proteins and refolding
unfolded proteins under a variety of stress conditions 202X Hsp70 is upregulated in various cancer
cells promoting survival and proliferation 22, Terefore, blocking or silencing the HSR by targeting HSF1
or Hsps can be an efective way to reverse thermotolerance in cancer cells.

We previously demonstrated in vitro that inhibition of Hsp70 synergized with mEHT and enhanced

its anticancer therapeutic effects "2 Moreover, we observed in vivo a strong Hsp70 signal in
mMEHT- treated tumors around the apoptotic, damaged areal?. It has been demonstrated that
overexpression of Hsp70 in cancer cells is a consequence of the disruption in HSF1 transcriptional
activity 24?5, although Hsp70 might be also expressed regardless of HSF gene 2¢. Constitutive
activation of HSF1 during tumorigenesis is one possible explanation of the enhanced Hsp70
expression in several cancers 2*; however, the mechanism remains unclear. Te inhibition of HSF1
using short hairpin RNAs (shRNAs) or small synthetic molecules, such as KRIBB11, decreased the
expression of HSF1 downstream proteins 2’. Furthermore, we also demonstrated in vitro the
enhancement of MEHT -4T1 cancer cell killing efect by KRIBB1123. KRIBB11 has abolishing activity on
the heat shock - dependent induction of Hsp70 gene through inhibition of HSF1, causing signifcant
decrease of tumor growth 28, Terefore, reducing HSF1 could signifcantly inhibit the growth of cancer
cells and promote their apoptosis 2. Despite of several HSF1 inhibitors have been investigated 2°,
KRIBB11 is the frst specifc inhibitor of HSFZ8.

Another way to block the HSR is by gene - silencing its master regulator: HSF1. Tis strategy has been
successfully applied in many studies to demonstrate the pro - oncogenic efects of HSF1*°. Indeed,
it has been demonstrated that HSF1 knockout (KO) mice had decreased susceptibility to
spontaneous lymphoma 3! and survival of tumor bearing mice increased . Furthermore, HSF1 KO
prevented tissue hyperplasia and cancer development in a mouse mammary gland - specifc HSF1-
KO model®3. An in vitro model using cervical cancer cells has proposed that silencing HSF1 by gene -
editing or inhibiting HSF1 by chemical inhibitors sensitizes cancer cells to chemotherapeutic
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reagents or hyperthermia, in which an incubator was used for heating procedures 3. Tus, in the
present study, we investigated the hypothesis that downregulation of the heat shock response by
gene- editing knockdown of HSF1, or by a specifc chemical inhibitor of HSF1: KRIBB11, enhances the
therapeutic efciency of mMEHT in breast cancer tr  eatment.

1. Material and methods

Cell culture and reagents

For both in vitro and in vivo studies, the 4T1 murine mammary carcinoma cell line, provided by Judy
Lieberman (Lieberman Laboratory, Harvard University, Boston, MA, USA), was used. Te 4T1 cells
Gi Ci CUCgGo6C- CC- EbiI Cl 6DPCAEI PECI CROCOEI Al AARgzCCX@ERUI EC
without Iglutamine and Phenol Red, Capricorn Scientifc, Ebsdorfergrund, Germany, Cat - No. DMEM
HXRXA) supplemented with 10% Fetal Bovine Serum (FBSy South America Origen, EU approved,
EuroClone S.p.A., Pero, lItaly, CatNo. ECS0180L), -glutamine 200 mM (Capricorn Scientifc,
Ebsdorfergrund, Germany, Cat - No. GLN- B), and penicillin/streptomycin 100x (Capricorn Scientifc,
Ebsdorfergrund , Germany, Cat- No. PS B). Cells were submitted to passages every 2 or 3 days.
Trypsin 10x (Lonza A. G., Basel, Switzerland, CatNo. 17 160E) was used to release cells from sub-
confuent monolayers. T he detached cells were seeded back into cell culture f  lasks or prepared for
experiments. KRIBB11 was purchased from MedChemExpress (Monmouth Junction, NJ, USA, Cat-
No. HY-100872).

Construction and verification of stable HSF1 Znockdown by flow
cytometry

CRISPR gRNA Lentiviral Transduction particles from Sigma - Aldrich® (St. Louis, MO, USA) was used
for knockdown of HSF1. The plasmid sequences for HSF1 gene are listed in Fig. 1. The lentiviral
structure consisted of (1) the target region to knockdown HSF1 -gene; (2) a puromycin resistance
gene; and (3) GFP gene. Murine 4T1 cells were seeded at 1.4x 104 cells/well in triplicate into a 96 -
well plate and incubated for 24 h at 37 °C. Af ter the cells were adherent to the bottom, 8 pg/mL of
hexadimethrine bromide ( SigmaAldrich/Merck, St. Louis, MO, USA, Cat- No. H9268- 5G) were added
to each well to enhance transduction. T he lentiviral particles or the negative particles were added

to appropriate wells. Cells were further cultured for 24 h, and then the medium containing the
lentiviral particles were replaced. Next, transfected cells were selected by culturing in a medium
containing 6 pg/ml puromycin (Sigma - Aldrich/Merck, St. Louis, MO, USA, Cat- No. 540411 25MG) to
kill nontransfected cells as established earlier 23, Surviving cells were considered successfully
transfected cells. Forty - eight hours af ter transduction, f luorescence of successful transduced cells
was assessed by fluorescent microscope. Puromycin -resistant colonies were selected and
expanded to assay for expression of the construct. Cells were sorted by Fluorescence - activated
single cell sorting (FACS) (Sony Corp. San Jose, CA, USA, Sony SH800) in three cell types: 4T1 wild
type, 4T1 empty vector, and 4T1 HSFX KO. Flow cytometry was used to check for GFP - positiveness
in transduced cells af ter expansion. For that, cells were harvested at 1x 106 cells/mL, washed with
cold PBS (without Ca & Mg, without Phenol Red, Capricorn Scientifc, Ebsdorfergrund, Germany,
CatNo. PBS 1A), and centrifuged for 5 min at 300g. The supernatant was removed, and fr  esh, cold
PBS was added. The suspended cells were transferred to FACS tubes and were kept on ice. Cells

Oncothermia Journal Volume 3 8 | August 2026

Page 12| 217



were analyzed based on GFPexpression by using a CytoFLEX Flow Cytometer (Beckman Coulter,
Inc. Brea, CA, USA). Tie expression of HSF1 and Hsp70 was determined by gPCR.

In vitro HSF1  ZKO model

Knockdown -, empty vector -, and wild type 4T1 cells were counted and seeded onto 60 mm petri
dishes at a density of 1x 106 cells per petri dish in DMEM medium with 10% FBS. Af ter 24 h, cells
were treated with water bath hyperthermia, 42 °C for 30 min. Two hours af  ter hyperthermia
treatment, the medium was discarded and 500 L TRI Reagent® RT (Molecular Research Center,
Inc. Cincinnati, OH, USA, Cat No. RT 111) was added for RNA collection. The cells were homogenized
and transferred to pre -labeled Eppendorf tubes. The Eppendorf tubes were immediately frozen in
liquid nitrogen.

In vivo HSF1 ZKO model

Six-to - eight - weeks old female BALB/c mice were kept under 12 h dark/light cycles with ad libitum
access to food and water in the Animal Facility Department of Basic Medical Center, Semmelweis
University y Budapest, Hungary. The mice were anesthetized with is oflurane (Baxter International
Inc., Deerfeld, IL, USA). Anesthesia was induced with 5% concentration and maintained with 2 J2.5%
concentration in 0.6 0.8 I/min compressed airflow. 4T1 cells were kept in cell culture flasks,
trypsinized§ CAgE6 DI ESCCECAI 6EI ECROCOEI Al AAgz2CCi*pCnhCUGRPD
Capricorn Scientifc, Ebsdorfergrund, Germany, Cat -No. PBS 1A). 1x 106 4T1 cells suspended in 50
1 RCi *pCGIi Cil CCEAAED - 61 sECIi HCRO6 B AEl - DI ECR 6cBDmd@i®Bi CnbbCo
using a 50 pL Hamilton syringe (Hamilton Company, Reno, NV, USA). Eight days after inoculation,
tumor size was measured with digital caliper (Fine Science Tools Inc ., Foster City, CA, USA) and
ultrasound (Phillips Sonos 5500, Philips, Amsterdam, Netherlands) as described earlier 2. Mice were
randomized into treatment groups (Table 1) according to their tumor volume and body mass, to
achieve similar average for all groups. Animals exhibiting disproportionate tumor measures, such

as irregular shapes, twin tumors, or those where the size significantly deviated fr om the average,
were excluded from the experiment. mEHT treatments were started the day after randomization.

In total, four mEHT treatments were performed every two days. In the days between treatments,
tumor size was followed by both digital caliperand u Itrasound (US). The correlation between tumor
mass and US or caliper was collected in the Supplementary Fig. S1. Figure 2 shows a schematic
overview of HSF1- KO and mEHT treatments schedule. Mice were kept under isoflurane anesthesia

for all procedures described here. For tumor sample collection 24 h after the last treatment,
heparin 10x (Teva, Debrecen, Hungary, Cat- No. OGY T- 2216/01) was injected intraperitoneally.

Vector | Clone ID Digest | Pasmid sequence verified P24 antigen ELISA titer = 10°VP/ml
Lvo1 NEGATIVECONTROL1 PASS CGCGATAGCGCGAATATATT 3.7x107 VP/mL
Lvo1 MMPDO0O000018544 PASS GCTCGCCTCCAGTACCCGA 1.6x107 VP/mL
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Figure 1. CRISPR/Cas 9 lentiviral constructs. (a) Plasmid sequence of the negative control (empty
vector) and the HSF1 knockdown, which contains the target gene. (b) Scheme showing the
structure of HSF1- KO lentiviral particles. (Modified from Sigma - Aldrich® (St. Louis, MO, USA)).

Mice physical body condition was checked, and mice were terminated by cervical dislocation. T he
abdominal cavity was opened, blood was taken, and tumors were harvested, cleaned (from
adjacent connective tissues), weighed, and halved in two similar halves: one half was placed in 4%
formaldehyde solution (Semmelweis Pharmacy, Budapest, Hungary) and s ent to histological
processing; the other half was frozen in liquid nitrogen for molecular analysis. Interventions and
housing of the animals conformed to the Hungarian Laws No. XXVII1/1998 and LXVII/2002 about the
protection and welfare of animals, and th e directives of the European Union. All animal procedures
were approved by the National Scientific Ethical Committee on Animal Experimentation under the
No. PE/EA/50-2/2019.

In vivo KRIBB11 model

KRIBB11 (MedChemExpress, Monmouth Junction, NJ, USA, CatNo. HY100872) was dissolved in 10%
dimethylacetamide (MedChemExpress, New Jersey, USA, Cat - No. HY-W042416), 50% PEG300
(MedChemExpress, Monmouth Junction, NJ, USA, Cat.No.: HY-Y0873), and 40% nucleas e- free
water (Invitrogen, Carlsbad, CA, USA, Cat-No. 10977-035), as described previously 28. Following
randomization as described above, KRIBB11 or vehicle was administrated intraperitoneally at a dose
of 50 mg/kg/day for 8 days according to each group (Table 2). Figure 3 depicts a schematic
overview of mMEHT+KRIBB11l experiment. Tumor volume was followed as described above.
Supplementary Fig. S2 shows the correlation between tumor mass and US (S2a) or caliper (S2b). In
total, four mEHT treatments were performed every two days. On day 16, the mice were sacrificed,
and the tumors were removed, halve d, and analysed by: (1) immunohistochemistry (IHC) and (2)
gRT-PCR.

Sham [ 5
mEHT 8 8

Table 1. HSF-KO experiment number of mice per group.
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HSF1 Empty HSF1-KO Harvest

Vector
Figure 2. Experimental scheme of the 4T1 HSF1 knockdown model. 4T1 TNBC cells, containing
either the HSF1 empty vector (EV) lentiviral construct or the HSF1 knockdown (HSF1 - KO) lentiviral
construct, were inoculated at day zero. Mice were randomized into groups (Sh am EV or mEHT EV,
and Sham HSF1KO or mEHT HSFIKO) at day 8. mEHT treatments were performed every two
days. Tumor volume was monitored by ultrasound and digital caliper between mEHT treatments.
The study was terminated on day 16 with the harvest of tumors.

Sham 4 7
mEHT 4 8

Table 2. KRIBBI11 experiment number of mice per group.

R S S ) T e

mEHT mEHT mEHT mEHT
/ | | | | | | | | |
—A—A—F—F+—+—+—+—+—"F—"1— o=
0 8 9 10 11 12 13 14 15 16
! ! t ! t ]
Inoculation Randomization Tumor follow-up ]
(ultrasound and digital caliper)

Harvest

Figure 3. Experimental scheme of the mEHT+KRIBB11 experiment. 4T1 cells were inoculated at day
zero. Mice were randomized into groups, as depicted in Table 2, at day 8 together with the first
KRIBB11 injection. KRIBB11 was administered every day for 8 days. mEHTre¢atments were
performed every two days. Tumor volume was monitored by ultrasound and digital caliper
between mEHT treatments. T he study was terminated on day 16 with the harvest of tumors.

In vivo mEHT treatments

Tumor-bearing mice were treated with modulated electro -hyperthermia (mEHT) device as
described in detail earlier *’. Briefly, electromagnetic heating was generated by capacitive coupled,
amplitude modulated 13.56 MHz radiofrequency (LabEHY 200, Oncotherm kf t., Budaors, Hungary).
The mice were mEHT - treated four times every two days for 30 min plus maximum 5 min for device
stabilization with 0.2 J1.0 W. Temperature monitoring was performed with optical sensors (Luxtron
FOT Lab Kit, LumaSense Technologies, Inc., CA, USA). fie optical sensors were calibrated before

Oncothermia Journal Volume 3 8 | August 2026

Page 15| 217



each treatment and were placed (1) on the skin right above the tumor, (2) into the rectum for body
temperature monitoring, (3) on the heating pad, and (4) near the treatment setup for room
temperature monitoring. Te skin temperature was kept at 40+0.5 °C during the treatments, as it
assured the required 42 °C inside the tumor. Rectal temperature was kept in the physiologic range
(37.0£0.5 °C), and the heating pad was set at the same temperature. Room temperature was 25+1
°C. For Sham treatments, cables were disconnected, therefore, no electromagnetic field was
generated, and no energy was transferred (no heating).

Histopathology and immunohistochemistry

Formalin- fixed cancer samples were dehydrated and embedded in paraffin. Serial secrions (2.5
pm) were cut for hematoxylin Ueosin (H&E) staining or dewaxed and rehydrated for
immunohistochemistry (IHC) using a polymerperoxidase system (Histols, Histopatholog y Ltd.,
Pécs, Hungary). H&E and stained slides were digitalized using Pannoramic Scan and analyzed with
the HistoQuant module of CaseViewer image-analysis software (all from 3DHISTECH, Budapest,
Hungary) based on image color and intensity segmentation. The tumor area was digitally annotated
and the damaged and living areas were delimited. T he ratio between the damaged area per the
whole tumor area was used for calculating the tumor destruction ratio (TDR%) on H&E slides.

Damaged area
TDR(%) =

Whole tumor area

Slide samples used in IHC were deparaffinized and incubated for 20 min with 3% H202 in methanol

to block endogenous peroxidase activity. For antigen retrieval, slide samples were soaked in citrate
buffer and heated for 20 min using an Avair electric pressu  re cooker (ELLA 6 LUX(D6K2A), Bitalon
Kft, Pécs, Hungary), followed by 30 min cooling step. 3% bovine serum albumin (BSA, Millipore Corp.,
Kankakee, IL, USA, CatNo. 82100- 6) solution was used to block non - specific proteins for 20 min.
The sections were incubated with the primary antibodies diluted in 1% BSA/TBS+TWEEN (TBST, pH
7.4) (Table 3) overnight in humidity chamber. Peroxidaseconjugated anti - rabbit & anti - mouse IgGs
(HISTOLS MRT, micropolymer - 30011.500T, Histopathology Ltd., Pécs, Hungary) were used for 40
min incubation and the enzyme activity was revealed in 3,3 Mjaminobenzidine (DAB)
chromogen/hydrogen peroxide kit (DAB QuantoTA -060 - QHDX- Termo Fischer Scientific, Waltham,
MA, USA, Cat No. 12623957) under optical microscope. All incubations were at room temperature
with sample washings between incubations in TBST buffer for 3x5 min. Slides were digitalized and
the reactions were evaluated. The tumor area was digitally annotated and the area containing
positive immune reaction was masked by setting the intensity, color, and saturation in the
annotated area on each staining using the QuantCenter module of CaseViewer. Te ratio of the
masked area to the annotated area (relative mask area=rMA) was used to estimate the expression

of the target molecule. rMA of HSF1 and Hsp70 were measured in the intact tumor area. Important

to mention, due to technical problems there is no data about Hsp70 staining of three samples from
KRIBB11 experiment: one in Sham vehicle, one in Sham KRIBB11, and one in mEHT KRIBB11.

Antigen | Type Reference no | Dilution | Vendorl
HSF1 Rabbit, pAb | #4356 1:100 Cell signaling
Hsp70 Rabbit, pAb | #4872 1:100 Cell signaling

Table 3. Antibodies and conditions used for immunohistochemistry.
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RNA isolation and mRNA RT ZPCR

RNA was isolated with the TRI reagent® RT (Molecular Research Center Inc., Cincinnati, OH, USA,
Cat-Y# SCl vopnnuC- AAgCERSOUCPoCDPPIi Cod- 6EU- APECI CZCCRO6CPCEAE
gel electrophoresis, sample purity and concentration were mea sured by a Nanodrop
spectrophotometer (T hermo Fisher Scientific Inc., Waltham, MA, USA). Reverse transcription of
isolated RNA was performed by High -Capacity cDNA Reverse Transcription Kit (Applied
Biosystems Inc., Foster City, CA, USA, Cat-No. 4368814). The amplified cDNA was used as a
template for RT - PCR. Gene expression was measured according to standard gPCR procedures
with SYBER Green based RF PCR with SsoAdvancedZ Universal SYBER® Green SupermiXBio Rad
Laboratories, Inc., Hercules, CA, USA, Cat No. 1725271) on CFX Connect RealTime PCR Detection
System (Bio Rad Laboratories, Inc., Hercules, CA, USA). The relative expression values for the target
MRNAs were calculated after normalization using GAPDH. T he primers used are listed in Table 4.

Statistical analysis

All statistical analyses were performed using the statistical software program GraphPad Prism
software (v.6.01; GraphPad Software, Inc., La Jolla, CA, USA). Comparisons among groups were
made with one -way ANOVA. Differences were considered statistically si gnificant at *p<0.05,
**p<0.01, **p<0.001, ****p<0.0001, ns=not significant. Data are given as meanz Standard Deviation
(SD).

Ethical approval

Our study was conducted in accordance with Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines. Interventions and housing of the animals conformed to the Hungarian Laws
No. XXVIII/1998 and LXVI11/2002 about the protection and welfare of an imals, and the directives of
the European Union. All animal procedures were approved by the National Scientific Ethical
Committee on Animal Experimentation under the No. PE/EA/50 - 2/2019.

2. Results

Successful transfection of TNBC cell dines with the HSF1  Zjene editing
lentiviral construct

The HSFiknockdown (HSF1- KO) CRISPR/Cas9 construct included a GFP encoding sequence for
the selection of transfected cells. As expected, non - transfected wild type (WT) 4T1 cells did not
express GFP (Fig. 4a and d). In contrast, more than 95% of 4T1 cells tra nsfected with the active
HSF1KO CRISPR/Cas9 construct successfully expressed GFP, confirming successful transfection
(Fig. 4c and f). Transfection with the empty vector (EV) was less effective, resulting in 62.8% of cells
being GFP- positive, while 37.2% remained non - transfected (Fig. 4b and e). T hese non- transfected
cells were removed through fluorescent sorting, followed by subsequent propagation in cell culture
media supplemented with puromycin.
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Successful reduction of HSF1 and HSP70 expression in transfected TNBC
cell Zines

HSF1 mRNA levels were comparable in both WT and EV cells, whether maintained at 37 °C or
exposed to 42 °C in cell culture (Fig. 5a). Notably, the lentiviral construct led to a substantial
downregulation of HSF1 mRNA in the knockdown group (HSF1-KO), as compared to both the wild
type and empty vector groups (Fig. 5a). Baseline expression of Hsp70 at 37 °Crem  ained low across
all groups (Fig. 5b). Elevating the culture temperature to 42 °C significantly induced Hsp70
upregulation in WT and EV cells. However, this heat -induced response was significantly diminished

in the HSFX KO group (Fig. 5b).

MEHT 4nduced tumor growth reduction was enhanced in HSF1 ZO tumors

The Sham EV tumors nearly doubled in volume over the course of the experiment (Fig. 6aandb y
red). In contrast, Sham HSF1 KO were smaller and their growth rate was slower than EV tumors
(rose). Remarkably, mEHT treated tumors did not grow and their size was reduced after the 4th
treatment. T he tumor growth rate was significantly slower in the HSF1 -KO mEHT-treated group
(light blue) compared to mEHT -treated EV group (dark blue). Despite having similar initial tumor
volumes, mEHT KO tumors were notably smaller than mEHT EV tumors by the end of the study.
Furthermore, supporting the tumor volume data, tumor mass was reduced by both mEHT and HSF -
1 KO,; yet, the smallest tumors were observed in the mEHT KO group (Fig. 6¢ and d) by the study
termination .

GAPDH Glyceraldehyde-3phosphate-dehydrogenase [Mus musculus] g‘:\? : ggg{;g#chgggéC:g%g}‘gg

Fwd: CTTCACCTCCAA-GTTCACCAA
Rev: GACTCTGCT-GCTTCTCCTTG

HSF1 Heat shock factor 1 [Mus musculus) E?fggg?é:ggg%ghcégfgg‘é

Hsp70 Heat shock protein 70 [Mus musculus)

Table 4. Primers used for RT-PCR.
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Figure 4. Flow cytometric analysis of transfected 4T1 cells. Flow cytometry histograms (upper
row) and dot plots (lower row) ( a,d) wild type (WT), ( b,e) empty vector (EV) and ( c,f) HSF1KO
(KO). The GFP positive cells are indicated with green, and the GFP - negative population is blue.
SSC: Side Scatter; P2: second gate; FITC: Fluorescein Isothiocyanate.
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Figure 5. HSF1 and Hsp70 mRNA relative expression at 37 °C and 42 °C in the 4T1 cell line. (@) HSF1.
(b) Hsp70. GAPDH: Glyceraldehyde 3 - phosphate dehydrogenase: housekeeping gene. One -way
ANOVA, MeanzSD, n=3/group, ***p<0.001, ****p<0.0001.
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Figure 6 . Tumor volume time - course and tumor mass at study termination after 4 mEHT
treatments. Tumor growth inhibition as measured by (a) ultrasound and (b) digital caliper. (c)
Tumor mass and (d) Four representative tumor images of each group (columns) by experi ment
termination. Mean+SD, One - Way and TwoWay Anova, Mean+SD, n=6U8/group, *p<0.05, **p<0.01,
***n<0.001, ****p<0.0001.

MEHT Z4nduced tumor destruction was enhanced in HSF1 ZKO tumors

The area of tumor destruction, quantified as the tumor destruction ratio (TDR), was consistently
minimal in all sham tumors, regardless of whether they were EV or KO transfected (Fig. 7a y red
marked area). In contrast, mEHT - treated tumors exhibited a substantial increase in tissue damage
compared to the sham group (Fig. 7a and b). Notably, there was an increased tendency toward
severe tumor damage induced by mEHT in the mEHT treated HSF1- KO group (mEHT EV: 74.6 +11%;
MEHT HSFIKO: 84.1 £10.6%, p=0.52, ns). It is important to mention that histopathological data is
unavailable for one Sham KO and one mEHT KO sample due to their small tumor size.

HSF1&O prevented HSF1 and Hsp70 upregulation after mEHT treatment

Relative HSF1 mRNA baseline level, as assessed after four sham or mEHT treatments in EV - treated
tumors, was significantly reduced in the KO groups, demonstrating effective silencing (Fig. 8a). HSF1
MRNA was not significantly influenced by mEHT. Contrarily, relative Hsp70 mRNA baseline level, as
assessed after four sham treatments, increased significantly in mEHT - treated groups (Fig. 8b). As
expected, mEHT stimulated Hsp70 mRNA significantly only in the EV  -treated tumors. mEHT did
not induce a significant Hs p70 response in HSF1- KO mEHT tumors. Immunohistochemistry (IHC)
staining specific for HSF1 was present in most nuclei of empty vector treated tumors (Fig. 9a and

by upper row). Such specific HSF1 staining was not identified in HSF1 - KO tumors (Fig. 9by lower
row). HSF1 protein expression was not influenced by mEHT (Fig. 9b y right column). Hsp70 specific
protein staining was intense cytoplasmic staining in mEHT treated tumors. Such specific staining
was absent in sham treated tumors (Fig. 9c and d y left column), demonstrating only background
staining. Four mEHT treatments induced significant upregulation of Hsp70 specific staining in
MEHT treated EV tumors (Fig. 9c and d). Such Hsp70 induction was not significant in the mEHT KO
group vs sham - KO demonstra ting that HSFEX KO was able to reduce the mEHT induced Hsp70
expression. Hsp70 induction was signifcantly inhibited in the HSF1 - KO vs EV mEHT treated group
(Fig. 9c).
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Figure 7. Tumor destruction ratio (TDR) afer 4 mEHT treatments. ( a) Representative tumor images
(H&E, 1.0x). b) Quantification of TDR on H&E - stained tumors. One -way ANOVA test, MeantSD,
n=5)8/group, ***p<0.001, ****p<0.0001.
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Figure 8. HSF1 and Hsp70 mRNA relative expression after 4 mEHT treatments. ( a) HSF1.1§) Hsp70.
GAPDH: Glyceraldehyde 3- phosphate dehydrogenase: housekeeping gene. Oneway ANOVA,
Mean+SD, n=68/group, ns=not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

mMEHT Zumor growth reduction was synergistically enhanced by the heat
shock inhibitor, KRIBB11, after 4 mEHT treatments

The volume of Sham + Veh tumors increased almost 4 -times during the experiment (Fig. 10a and
by red). KRIBB11 monotherapy did not influence tumor growth significantly (rose). However, mEHT
treated tumors grew slower (dark blue) and their size was significantly reduced after the 4th
treatment (Fig. 10c). Tumor growth rate was further reduced significantl  y in the KRIBB11+mEHT co
treated group (light blue). Despite similar tumor volumes at the beginning of the treatments mEHT
tumors were significantly smaller than sham tumors at the end of the study. Supporting tumor
volume data, tumor mass was reduced only by mEHT but not by KRIBB11 alone. T he tumors were
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significantly the smallest in the KRIBB11+mEHT co-treated group (Fig. 10c and d) by study
termination .
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Figure 9. HSF1 and Hsp70 protein detection and quantification with immunohistochemistry after
4 mEHT treatments. (a) HSF1 and (c) Hsp70 protein quantification. Representative sections of (b)
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KRIBB11 prevented Hsp70 upregulation after 4 mEHT treatments

Relative HSF1 mRNA baseline level as assessed after four sham or mEHT treatments was
significantly reduced in the KRIBB11 treated groups demonstrating effective inhibition of the heat
shock response in KRIBB11 treated tumors (Fig. 11a). HSF1 mRNA was netfiuenced significantly by
MEHT. Relative Hsp70 mRNA baseline level was assessed after four sham treatments. Although
MEHT induced an increase in Hsp70 mRNA compared to the sham group, this difference did not
reach statistical significance (Fig. 11b). In contrast, Hsp70 elevation was absent in KRIBB11 treated
tumors receiving mEHT, and Hsp70 mRNA levels were significantly lower in the mEHT+KRIBB11 group
compared to the mEHT+Veh group. In tumors treated with mEHT+ Veh, Immunohistochemistry
(IHC) staining specific for HSF1 displayed prominent nuclear staining (Fig. 12a and b y upper right
panel). In contrast, such specific HSF1 staining was notably less prevalent in KRIBB11 and sham-
mMEHT treated tumors (Fig. 12by lower panel). Remarkably, mEHT treatment did not significantly
alter HSF1 protein expression levels (Fig. 12b). Intense cytoplasmic staining specific to Hsp70
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protein was observed exclusively in tumors treated with mEHT monotherapy (Fig. 12cand d  y right
columns). In contrast, such distinctive staining was notably absent in shamtreated tumors,
indicating only background levels of Hsp70 (Fig. 12c and d y left columns). The mEHT-induced
upregulation of Hsp70 was significantly attenuated by co - treatment with KRIBB11, emphasizing the
inhibitory effect of HSF1 on mEHT - induced Hsp70 expression (Fig. 12c).

Slightly increased tumor destruction tendency was observed in tumors
treated with combined therapy

The Tumor Destruction Ratio (TDR) was relatively small in all sham tumors (Fig. 13c y red marked
area). Notably, there was significant tissue damage observed in mEHT - treated tumors (Fig. 13a and
¢). While a subset of mEHT+KRIBB11 treated tumors demonstrated en hanced damage, another
subset exhibited a smaller TDR, resulting in a non - statistically significant overall effect. It is worth
noting that the core damaged area in the tumors exhibited a negative correlation with tumor mass,

with larger tumors demonstrati ng a higher TDR (Fig. 13b). he most pronounced tumor destruction
relative to tumor size was observed in the mEHT+KRIBB11 combination therapy group, highlighted
by light blue dots.
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Figure 10. Tumor volume time - course and tumor mass at study termination in the combination
therapy experiment. Tumor growth inhibition as measured by (a) ultrasound and (b) digital
caliper. (c) Tumor mass and (d) Four representative tumor images of each group (colu  mns) by
experiment termination. Mean+SD, OneWay and Two -Way Anova, Mean+SD, n=4)8/group, ns=not
significant, *p<0.05, **p<0.01, ****p<0.0001
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Figure 11.HSF1 and Hsp70 mRNA relative expression after 4 mEHT treatments. (a) HSF1. (b) Hsp70.
GAPDH: Glyceraldehyde 3 - phosphate dehydrogenase: housekeeping gene. Oneway ANOVA,
MeantSD, n=48/group, ns=not significant, *p<0.05, ***p<0.001.
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Figure 12 HSF1 and Hsp70 protein detection and quantification with immunohistochemistry after
4 mEHT treatments. (a) Heat shock factor 1 (HSF1) and (c) Heat shock protein 70 (Hsp70) protein
guantification. Representative sections of (b) HSF1 and (d) Hsp70, 40xmagn ifcation. One - way
ANOVA, Mean£SD, n=3J8/ group, ns=not significant, *p<0.05, ***p<0.001.
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3. Discussion

Modulated eletcro - hyperthermia (mEHT) is aloco -regional non - invasive cancer therapy which has
been successfully applied in vitro, in vivo, and in the clinics for over 20 years?®. The mEHT treatment
triggers apoptosis and necrosis of cancer cells via non -thermal effects such as membrane
perturbations (similarly to electrophoresis), and the radiofrequency field also induces temperature
increase to 42 °C! The high energy absorbed by cancer cells and specifically cancer cell
membranes lipid raf ts consequently disrupts membrane arrangement and integrity on the basis of
its elevated oxidative glycolysis (Warburg effect), ion concentration, and conductivity compared

to adjacent normal tissues *® and inducing anti - cancer responses 2 However, it is known that mEHT
provokes cell - and heat - stress activating the heat shock responsell. In our previous studies, we
demonstrated that mEHT induced the heat shock response in our mouse cancer model, resulting

in strong upregulation of Hsp70 %23, Indeed, massive induction of Hsp70 has been reported in other
cancer models treated with mEHT such as colorectal37, and melanoma 3 models. It is worth noting
that Hsp70, a crucial molecular chaperone, typically maintains low or undetectable levels in
unstressed cells *°. Te transcription of Hsp70 is triggered by the nuclear translocation of heat shock
factor 1 (HSF1), a master regulator of the heat shock response “°. When activated, HSF1 binds to the
heat shock response elements (HSEs) within promoters of several Hsps and initiates Hsp
transcription “L It has been demonstrated in a wide range of cancer types that HSF1 has a
cytoprotective activity and supports cancer cell proliferation, survival, invasion, and metastasis 42,
Targeting HSF1 in cancer therapy has been suggested before 27, and in HSFiknockdown
experiments, mammary “, liver**, and skin® carcinogenesis was inhibited. We therefore
hypothesized that the inhibition of mMEHT -induced heat shock response by inhibiting HSF1 would
enhance the therapeutic potential of mMEHT. As a proof - of- concept, we used genome editing tools
to knockdown HSF1. To nhvestigate the translational potential, we also studied a small molecule
inhibitor (KRIBB11), aiming to inhibit HSF1 and thus enhance the anticancer effects of mEHT
treatment.
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Figure 13. Tumor destruction ratio (TDR) afer 4 mEHT treatments. ( a) Quantifcation of TDR on
H&Estained tumors. ( b) Scatter diagram and linear regression line showing negative correlation
between tumor destruction ratio (TDR: Y axis) and tumor mass (X axis). ( ¢) Representative tumor
images (H&E, 1.0x). Oneway ANOVA test, Mean+SD, n=4J8/group, ns=not significant *p<0.05.

The integration of mMEHT with conventional cancer treatment modalities presents a promising
avenue in the quest for enhanced therapeutic efficacy. mEHT, known for its ability to selectively
elevate temperatures in tumor tissues, can act synergistically and co  mplementarily to
radiotherapy and chemotherapy. A slight temperature elevation is expected to enhance blood
flow, facilitating improved oxygenation in the affected area. Tis, in turn, can augment the efficacy

of gold-standard cancer treatments 5. The synergistic interplay of ionizing, thermal, and non -
thermal effects promotes immunogenic cell death in malignant cells. This is achieved by exciting
lipid rafts through mEHT-induced heating and inducing double -strand DNA breaks with
radiotherapy “¢. Furthermore, studies have demonstrated the additional benefits of mEHT in
conjunction with conventional therapies, leading to increased treatment response, improved
overall survival, and a lack of side effects 4“%°. Therefore, this combinatorial strategy holds the
promise of not only improving the local control of tumors but also potentially minimizing side
effects.

In the present study, CRISPR/Cas9 - mediated HSF1 knockdown was successful in 4T1 murine breast
cancer cells. While the use of CRISPR to completely ablate genes can be challenging, as this system
rarely eliminates the expression of a target gene entirely, le ading to low knockdown efficiencies
(<80%)%°*4, we achieved an impressive knockdown efficacy of over 95% (Fig. 4). Tis high efficacy
was evidenced by the GFP - positivity of transduced cells after antibiotic selection (puromycin)
and FACS sorting. However, these strategies seemed to be less effectivein  the empty vector group
(62.83%). This group used a non - targeting guide RNA with no specific target site on the entire
genome, designed to serve as a control group with a wild type phenotype. T  he genome editing
using the CRISPR/Cas9 lentiviral empty vector did not enable gene truncation via polymerase chain
reaction (PCR) (Fig. 5). On the other hand, we achieved a very strong HSF1 knockdown efficiency
as demonstrated by f low cytometry and confirmed by real -time PCR (Fig. 8).
Immunohistochemistry analysis of in vivo tumors further corroborated the HSF1 knockdown (Fig.
9a and b). Baseline HSF1 expression was reduced and hyperthermia induced Hsp70 upregulation
was inhibited in HSF1- KO cells.

MEHT cancer selectivity and its inhibition of tumor growth have been reported in a wide range of
cancer types ®°. Previously we also demonstrated inhibition of tumor growth by mEHT monotherapy

in our murine breast cancer model 1”23 In this study, we observed a significant enhancement in
tumor growth inhibition with mEHT treatment in HSF1 -KO cells. HSFA1KO tumors exhibited a size
reduction of over 50% compared to non mMEHT-treated empty vector tumors (Fig. 4). Tis aligns
with previous findings suggesting the essential role of the HSF1 gene in cancer development, as
HSF1KO tumors naturally grow at a slower rate than empty vector  tumors 3. Despite this fact,
mEHT further amplified the reduction in tumor growth in the KO group. Therefore, the importance

of HSF1 supporting carcinogenesis can be demonstrated by the susceptibility reduction of HSF1 -
KO cells to cancer formation °.

Based on our previous data '"and the HSF1 knockdown study, we hypothesized that the inhibition
of heat shock response (HSR) by KRIBB11, a specific inhibitor of HSF157, could potentiate the
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anticancer effects of mMEHT in tumor allograft. Mouse cancer xenograft studies have demonstrated
reduction of cancer growth in samples treated daily with KRIBB11 dose in human colon cancer28,
breast cancer %8%° human myeloma60, bladder cancer61, and hepatocellular carcinoma62, both
alone or in combination with other chemical compounds. When in combination, KRIBB11 efficacy
was increased58. Indeed, we propose that KRIBB11 has translational potential when applied in
combination with mEHT treatments, as the combined therapy demonstrated synergi sm in tumor
growth inhibition (Fig. 10). Here we established the synergism between four - mEHT treatments and
daily dose of KRIBB11 at 50 mg/kg for 8 days, as demonstrated by tumor volume and tumor mass
reduction in the combined therapy group. Using the aver age of tumor masses for each treatment
group (Sham+Vehicle: 300.0 mg, mEHT+Vehicle: 237.0 mg, Sham+KRIBB11l: 312.3 mg, and
MmEHT+KRIBB11: 160.3 mg), we calaculated the expected combined effect based on individual mEHT
and drug effects based on the Bliss Independence model63,64. Our analysis revealed tha t the
observed effect of mMEHT+KRIBBB11 (Eenr+kriee0.466) exceeded the expected combined effect
(EBliss=0.243). Specifically, E menr+krize@Esiiss, indicating a potential synergistic interaction between
MEHT and KRIBB11.hi& suggests that the combined treatment may exert a more pronounced
inhibitory effect on tumor growth than anticipated based on the individual effects of each agent
alone.

However, KRIBB11 alone was not able taeduce cancer growth in monotherapy (Fig. 10c). Carpenter
et al. reported similar findings, stating that KRIBB11 did not significantly inhibit tumor growth in a
breast cancer model unless combined with an AKT inhibitor58. In another study a dose of 50 mg/ kg
of KRIBB11 did not reduce myeloma xenograft growth, whereas a dose of 65 mg/kg proved
efective ©°.

The effects of KRIBB11 abovementioned were achieved by following the protocol established by

Yoon et al. which involved daily administration of KRIBB11 over a period of 18 days 2. Due to our

i hai CRol 6PZ2CCCphrgCPi CCEEC- PRg6CUOCE- RHCO $ (his BeCigiba R AT CCI A
was based on our previous findings, which demonstrated that prolonged mEHT treatments could

lead to substantial damage in tumor tissue. Tis damage hinders the isolation and detection of RNA

from treated tumors, thereby impeding molecular analysis '’ This may also account for the

observed lack of significant tumor growth inhibition with KRIBB11 monotherapy.

While previous studies have demonstrated that mEHT induces the heat shock response mainly by
upregulation of Hsps %'2we observed that mEHT may not directly lead to significant changes in
HSF1 mRNA (Fig. 11a) and protein levels (Fig. 12a). Instead, the regulation of HSF1 might primarily
occur through its cellular localization, particularly its movement from the cytoplas m to the nucleus

in response to stress %. This nuclear translocation of HSF1 is a crucial step in initiating the
transcription of additional Hsps.

Corroborating with the HSF1 - KO TDR data (Fig. 5), the damaged area observed in the combined
mEHT and KRIBB11 therapy did not demonstrate statistically significant differences compared to
mEHT + vehicle (Fig. 13). While tumor volume and mass reduction demonstrated synergistic
enhancement of the mEHT effect with additional KRIBB11 therapy, the TDR resu Its were not as
pronounced. T his could be attributed to the extensive destruction observed in Sham tumors,
leading to spontaneous necrosis due to increased tumor size, as previously noted by our group v
The elevated mitochondrial metabolism of 4T1 cancer cells might contribute to necrosis
development as a result of low oxygen levels and nutrient supply66. Therefore, the damage
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magnitude may be related to tumor size. Indeed, our study revealed that larger tumors tended to
P-gi CogEI C- Bl Cv (is te@diNd<?pRirib8N\Canaitd\thes [Erge size, with most of them
belonging to the Sham groups (vehicle and KRIBB11). Consequently, the necrosis observed at the
core of Sham tumors was a direct result of cancer outgrowth (Fig. 13b, red and pink dots). In
contrast, mEHT- treated tumors exhibited a notably high TDR along with reduced mass (Fig. 13b,
dark blue and light blue dots). From this, we infer that necrosis observed in mEHT groups (both
vehicle and KRIBB11) arose from the cancer-killing effect of mEHT. Furthermore, this effect was
amplified by administration of KRIBB11 (Fig. 13b, light blue dots). This suggests that the increase in
cancer core destruction in Sham groups is primarily linked to tumor size, whereas in mEHT groups,

it is more likely due to the treatment itself.

In conclusion, we have demonstrated that the combination of modulated electro - hyperthermia
(mEHT) with the CRISPR/Cas9 gene- editing technique significantly enhances its anticancer effects

in vivo. Specifically, the knockdown of heat shock transcription fac  tor 1 (HSF1) led to the inhibition
of tumor growth and a reduction in Hsp70 upregulation induced by mEHT. Moreover, the
administration of the specific heat shock inhibitor, KRIBB11, further amplified the therapeutic impact

of mEHT. These findings suggest a potential synergy between KRIBB11l and established clinical
anticancer therapies like mEHT. Consequently, KRIBB11 holds promise for translation into clinical
applications, offering a potentially impactful addition to cancer treatment modalities.

Data availability

All data associated with this study are presented in the paper. T  he data that support the findings
of this study are available from the corresponding author upon reasonable request.
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Abstract

Numerous preclinical results have been verified, and clinical results have validated the advantages

of modulated electro -hyperthermia (MEHT). This method uses the nonthermal effects of the
electric field in addition to thermal energy absorption. Modulation helps with precisely targeting
and immunogenically destroying malignant cells, which could have a vaccination  -like abscopal
effect. A new additional modulation (high -power pulsing) further develops the abilities of the
MEHT. My objective is to present the advantages of pulsed treatment and how it fits into the mEHT
therapy. Pulsed treatment increases the efficacy of destroying the selected tumor cells; it is active
deeper in the body, at least tripling the penetration of the energy delivery. Due to the con stant
pulse amplitude, the dosing of the absorbed energy is more controllable. The induced blood flow

for reoxygenation and drug delivery is high enough but not as high as increasing the risk of the
dissemination of malignant cells. The short pulses have r educed surface absorption, making the
treatment safer, and the increased power in the pulses allows the reduction of the treatment time
needed to provide the necessary dose.

Keywords

hyperthermia; tumor; electric - field; thermal; energy; pulse; nonthermal; apoptosis; cell - selection

1. Introductio n

Hyperthermia as a cancer cure is one of the early medical practices that originated from ancient

0l ERAROGI SCvbi Col ERA-i1 CaCegAi CCi CCECROUCPI -BCCio-R6C-C
Electromagnetic heating techniques replaced the ineffective ancien  t heat delivery. The application

of electromagnetic effects presented unique possibilities and renewed the hyperthermia

methodology. In modern therapeutic practices, using electromagnetic processes (mainly

radiation) to heat the whole body or its local vol ume developed rapidly over a century ago. Various

technical solutions for oncologic hyperthermia (HT) attract growing attention among oncology

professionals.

The technical development of electromagnetic heating methods in the early 1900s revolutionized

heat application for therapeutic gains, including malignancies. The curative processes with

electromagnetic methods became available in the first quarter of the 19th century [1]. A French
EgADPeCsSC CCioiC0z CCo06§-1SCROPDCOEEAIEC- CAECI CY$STCADPCoO
The absorbed electromagnetic energy resulted in heating. However, the physiological effects of

heating (change in blood perfusion, thermal homeostatic regulations, risk of malignant

dissemination, etc.) were initially neglected. The starting process was not free from extreme

exaggerations. The German Electric Belt Agency went far, advertising that practitioners should

reduce or even stop using drugs, advocating for electricity treatment alone [2].

The research on electromagnetic heating effects has revealed a complex interplay of factors. The
temperature increase caused by electromagnetic energy absorption and the additional chemical
changes (molecular excitations) induced by the electromagnetic fie Id are key aspects. The thermal
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component is directly related to the square of the electric current, while the field component is
proportional to that current. The bioelectromagnetic excitation alters the chemical bonds and the
structure of compounds through direct electric forces, while some of the absorbed energy heats
the target, raising its temperature. The thermal effect alone can also trigger chemical reactions,
and the field excitation enhances these effects. This understanding has paved the way for
therapeutic practices that combine electromagnetic molecular, cellular, and tissue excitation with
heating.

A further push on the development was the discovery of microwaves, which began clinical practice
working similarly to microwave ovens. The thermal effect of electromagnetic energy absorption
was much more straightforward to understand and was more accessib  le to study; therefore,
separating the heating and exciting (thermal and nonthermal) effects became dominant (Figure 1).
Our present approach creates synergy between the thermal and nonthermal components of the
electromagnetic energy absorption processes

At the start: the thermal and electric effects were combined

Joseph CA Recamier
(1774 - 1852)

74

S

John Byrne
(1825 - 1302)

Fans JE Westermark
(1853 — 1941)

x& "
g o’b Arsene d'Arsonval
g > (1851 - 1940)
é_sb %4
&0 Arsonvalisation
P 74
ez Fulguration

2

Resonance effects

74

Using the electric effects
continued in non-oncology

Figure 1ISC CCi 61 CEz

J

T

2
Kristian Overgaard (N
(1833 — 1976) 2%,
N\ %%
%
Radiofrequency heating G*

—

Separated in the practice

(*)
A ey
Microwave heating ')Q,
)

S

Local infrared (IR-A) heating

Temperature become the goal
and basic of standardization

CCgo6g -1 CU?Ci 6ApuC- 6ECPCRCPR-6C~rgi CU

who divide the nonthermal field effects from heat, and the separation has widened over time.

vhPi Coil PPgEZCCi g6 UCPRCDeCHCP- CCODCAI 61 URDI ECRDC- 6ECP -
positive and negative results. Infancy is standard for all developing systems but is abnormal when

it is unusually long. Hyperthermia is mature for broad ac  ceptance.

The currently known and accepted oncological hyperthermia effects can be divided into three
categories, according to Figure 2:
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1. It destroys the tumor cells by absorbing energy;

2. It has immunogenic effect;

3. In the most frequent application, it sensitizes the conventional oncotherapies, like
radiotherapy and chemotherapy.

Two primary electromagnetic therapies are applied in medice: ionizing and nonion izing radiation.
lonizing radiation (e.g., radiotherapy) primarily has a nonthermal effect, breaking the DNA string
with energy and causing more nonthermal radiative damage. At the same time, its thermal
component is only tiny in most cases. The nonionizin g radiation used in hyperthermia treatments
is the opposite of the thermal/nonthermal ratio. It usually concentrates on the thermal component

of the radiation, and the nonthermal component is a small part of conventional hyperthermia
(Figure 3). The ratio of the thermal component effects looks at contrasts between the two
methods, and direct cellular damage is also unlike. The direct cellular damage in the ionizing
instance mostly breaks the DNA strands. At the same time, in nonionizing impact, the primary effect
targets the cells as units, with concentration on the membrane damage at a temperature of about

42 (L. We discuss here the non - ablative applications, where the nonionizing has less energy than
necessary for a direct burn.

Condition:
thermal setting
Action:
thermal + nonthermal

Tools:
* Molecular excitation
* Dynamic control

Figure2.vbPi Ch-110- CéCCgUCPHRAI CPDPI CoR-2CCIi UUI ADCCRO6CB6A
to complementary applications, where the thermal conditions promote the parallel
administration of other therapies

: o‘\'\i\\'\g radiat/b/)
\

Direct cellular damage
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Figure 3. The treatments of electromagnetic radiation sharply differ in ionizing and
nonionizing conditions .

2. Electrothermal Complexity

The electrothermal interactions are complex and can not be separated by thermal and nonthermal
effects because their synergy does the job [3]. However, the ratio of these effects could be
modified, forcing more nonthermal parts into the processes by the molecular excitation methods
UnsnasSCvpbpi CaCRoO-CHC CIi11APRe6C o0l AP ladki€ @@ Eheimat C Dpi C D -
heterogeneity, which can be utilized to select the molecular groups and excite the appropriate
signal patterns [6]. The electric field gives the best opportunity for selection, which can technically

be achieved with capacitive coupling [7]. Capacitive coupling with the intent of homogenous mass
heating was applied on deep -seated [8] and superficial tumors [9]. Multiple clinical trials were
performed for many metastatic stages. Soft -tissue [10] and Ewing sarcomas [11], pancreas cancer
[13, breast cancer [13], liver tumors [14], rectal [15] and colorectal [16,17] malignancies, metastatic
gastric tumors [18], urinary bladder lesions [19,20], esophageal [21 J23], and head & neck tumors
[24,25] all have shown the feasibility of capacitive hyperthermia with remarkable results. Some
studies were performed on non -small- cell lung cancer, too [26,27], but its efficacy was questioned
[28]. Intraluminal capacitive application for the esophagus has also show n feasibility [21,29].

However, numerous challenges need solutions. The physiological thermal homeostasis, the thermal
and electric inhomogeneity of the tumor, the complexity of the bioelectromagnetic processes,
which are induced by the hyperthermia, the controllable dose, andt  he nearly exponential decay
of the energy absorption, which overheats the surface, are all complications that need to be solved.
vbi CAgo6gi 6PRe6-1 CEaCI CRCCAgo6i ADI ECPgCBbbPi CPDEOgCzCCCI
homogeneity in the target. However, due to thermal and electric heterogeneity, the heating of
biosystems is far from thermal equilibrium. Due to the physiological corrective feedback and the
enormously inhomogeneous malignant target, fixing a homogeneous energy absorption in the
tumor is imp ossible. The physiological feedback and thermodynamic processes destroy the
possible homogeneous absorption part. The complex reality of living objects contradicts the
macroscopic equilibrium. Moreover, the feedback processes deviate from the standard line arity of
the specific absorption rate (SAR) and the temperature growth [30]. The isothermal expectation

and the time - linearity in the heating process are only an illusion.

2.1. Temperature Development

The temperature development in the selected molecular group could be higher than their
surroundings [31] and heat the area by the thermal convection of conduction, as is
characteristically recognized in nanoparticle heating [32]. The extensively heated dis  tance from
the selectively heated small parts is small, less than 100 nm, and depends on how far it is from the
artery, which cools it down. The heated molecular groups have relatively high temperatures due to
the absorbed energy, and the larger volumes ha ve gradually lower temperature averages (Figure
4). The concentrated energy absorption heats the transmembrane protein clusters (rafts), which
heats the cell, but the average temperature will be less than in the raft. The cell heats the tumor,
further lowering the average temperature. This thermal cascade makes it possible that the thermal
effect, on average, remains safe and creates optimal cond itions for the chemical reactions. Still,
the micro - parts have enough energy to excite the necessary signal pathways.
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Figure 4. The thermal cascade of the averages for the heterogenic heating of the mEHT. The
average sizes magnify about three orders of magnitudes in the different steps.

The heating by the small protein molecular groups (rafts) has limitations. When the energy is too
large, the transmembrane proteins are dehydrated and decomposed, which does not serve the
signal excitation demand. The selection no longer works, and the the rmal component starts to
overdominate the entire pro cess.

2.2 Selection

The first selection step is based on the metabolic differences between cancer and healthy cells.
The reprogrammed metabolism (Warburg effect) increases the ionic concentration in the tumor
microenvironment, so the well - chosen RF current may prefer to flow through the tumor. The next
selective factor finds the tumor cells, which will differ from their healthy counterpart because of
their autonomy and the broken healthy network, which provides differentiation in the dielectric
constant of the cell and offers a cellular selection. The selected malignant cells have
transmembrane protein molecular clusters (membrane rafts) that are the target of the selection.
These rafts are embedded in the well -isolating lipid membrane, so their relative conductivity is
high, and they massively absorb the energy [31]. The energy absorption with the well -chosen
modulation, delivered by the RF carrier frequency, induces signals leading the cell to immunogenic
cell death (Figure 5).

mEHT-induced
RF current

Energy flow
(thermal + nonthermal)

Channel excitation l Channel excitation

‘yg\' time /J/@/

\ TRAIL-FAS
Apoptosis
Immunogenic

= cell death

Selected )
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allowing the unhurt immunogenic information to be liberated during special apoptosis
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The impedance matching allows an energy -dose measure, ensuring that mainly the selected
molecules absorb the energy. The specific absorption rate and temperature are connected at the
physiological level by the blood flow (vasodilatation and vasocontraction cha nges) [30], which has
no relevance when the heating is nanoscopic but has an increased modification of the energy
intake by the homogenization of the temperature, leading to overdosing. Applied fractal
modulation is also a novel technical innovation in imp edance matching solutions [33], helping to
produce immunogenic cell death (ICD) with its dynamic synchronization for homeostatic demands.

The modulation with impedance -matching cellular selection completes the modulated electro -
hyperthermia (mEHT) method [ 34,35]. The technical solution to optimize the ratio of the thermal
and nonthermal components of the RF current needs a precise fit to the individual case, which
changes with every treatment. The electronic solution is tuning the system to the measured
impedance of the treated individual. The tuning seeks to form a touching situation as a purely
metallic electrode would be fitted to the skin directly. This matching situation calculates the actual
energy loss carefully, control s the reflected power, and matches the resonant compensation of the
surface capacitor of the adipose tissue. The active impedance -guided capacitive solution (like
MEHT) can use the bioelectromagnetic specialties of the malignant cells directly by RF curren t flow
when it is matched to the optimized current. Cancer cells have an intensive metabolism to supply
their proliferation [36]. The metabolic rate in most of the tumors is higher than their healthy
counterpart (by at least 15% higher [37,38]), which sele ctively increases their temperature. The
process has positive feedback because the growing temperature decreases the impedance of the
tissue [39]. The high metabolic rate is used to identify the proliferation by positron - emission
tomography (PET) [40,41]. The high nutrient/waste transport increases the ion concentration of the
electrolytes in the surroundings of the malignant cell. The increased ionic concentration means a
higher microenvironment conductivity [42] in the tumor cells and lowers the resistivity of the whole
tumor. It could distinguish between healthy and malignant situations [43]. Due to the lack of a
healthy cellular network in malignancy, the extracellular matrix o f malignant cells has high dielectric
permittivity, which can be used for selection [44,45]. The permittivity and the conduction modify

the total impedance in the microenvironment of the malignant cells [46], which allows their
automatic selection, while t he RF current flows in the direction of the low electric impedance. The
RF current density (specially chosen frequency and modulation) will self - selectively flow toward
the malignant cells, which is measurable by the MRI current density image [47,48]. This  effect is
entirely automatic and follows any movements of the cells in real  -time, solving the challenge of
focusing.

The amount of apoptosis could be regulated by the ratio of the heating (temperature grows) and
keeping (temperature is stable) periods. In the heating -up period, the thermal effect grows, and
the excitation (non -thermal effect) grows due to the better cond itions of the molecular reaction
rates. In the stable temperature period, the thermal and non - thermal factors are constant, and the
absorbed energy replaces the heat loss in the system. It is observed that during the heating -up
period by mEHT, the apoptosi s rate is significantly higher than that of the temperature - keeping
period [49]. Applied step - up heating uses this difference to improve apoptotic processes [50].

2.3 Nonthermal Effects

Living objects are profoundly heterogenic. This heterogeneity defines the nonthermal
electromagnetic interactions and the final effect. Electromagnetism acts through the various
molecular and cellular structures, making energy absorption by current flow, making the
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polarization effect for polar molecules, exciting electrons

between two energy levels, arranging the

structure (order/disorder transition), making connected or separated clusters (percolation),

breaking the cellular membrane (electroporation), inducing ele
excitation of the membrane channels. These effects are well

ctrophoresis, electroosmosis, and
- oriented, while the thermal effect

primarily increases the kinetic energy of the molecules, which move faster and vibrate more
intensely. The more considerable th ermal energy may change the molecular interactions or cause

phase changes (Figure 6).
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. Figure 7. The effects of the external RF field. ( a) The intense polarization effect of the external
field repolarizes the cells, causing hyperpolarization and depolarization states on the membrane.
(b) The complex current has two components flowing through capacitors (membrane lipid
layers).

Many molecular and physiological processes are determined by the heterogeneous lipid domains
serving as molecular sorting platforms [51]. The malignant cells have a denser lipid - raft population

on their membranes than their healthy counterparts [52]. Consequently, membrane heterogeneity
RCCACEAR-1 CROCO -1 RUOG - abdd@thon (Figue 8)Giappéars e d sghergyiofC U H
thermal effects with nonthermal electricity.
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Figure 8. The electromagnetic heterogeneity of the selected tumor cell. (a) The transmembrane
protein excitations are targeted by | - dispersion. (b) The electromagnetic heterogeneity is
targeted by particular RF frequency (C). The result is the damage associated with molecular
patterns induced by immunogenic cell death. Abbreviations/references: rex and Aex are the
relative permittivity and conductivity of extracellular electrolytes in the microenvironment of a
cell [53]; rtu ex and A tu ex are the relative permittivity and conductivity of extracellular
electrolytes in the microenvironment of a tumor cell: ~ rRm and Am are the relative permittivity and
conductivity of the cell membrane [54]; Rrin and Ain are the relative permittivity and conductivity
of intracellular electrolytes of a cell [52]; rrhin and Arhin are the relative permittivity and
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conductivity of the intracellular side of raft proteins [55,56]; rrhex and Arhex are the relative
permittivity and conductivity of the extracellular side of raft proteins [57,58].

2.4 Thermal Homeostasis

The thermal processes have a complex nonlinear interaction with homeostatic regulation, which
tries to keep thermal homeostasis. The hypothalamus receives thermal signals (primarily from TRP
receptors) and acts to reduce the temperature. The principal effe cts are blood flow with
vasodilation and sweating trying to cool using an evaporating process. The thermal regulation
balances the incoming energy, which nonlinearly fluctuates in the equilibrium (Figure 9) of incoming
energy [59]. The fluctuation has vari ous physiological components, including the opposition
sensory mechanisms [60] and the various relaxation times of the different processes. The basic
relaxation times could be measured with NMR [61], and the complex processes by various
physiological measu rements [62,63].

(a) (b) (c)

MEHT reference

mEHT

Figure 9. The temperature in the homeostatic range adapts to the new conditions, defining a new
equilibrium state. (a) Thermal homeostasis has a negative feedback loop as the basis of
regulation. (b) In a pulse of mEHT, the heat stress rises, and exponenti al decline returns to the
baseline. The thermal reference (hypothalamus) and the physiological counter action (mainly the
blood low) have a time lag, acting later. (c) In continuing the mEHT impact, the stress, physiology,
and reference point fluctuate decreasingly.

The temperature growth of local tissue in depth has a well -known character in time at constant

\
(SAR __Absorbed power [W

absorbed power, defined by the specific absorption rate Mass of absorber kgl

The absorbed energy (Eavsort) heats the local target, increasing its temperature (T ). The
physiological feedback process has a condition -dependent delay. Still, thermal homeostasis tries
to restore equilibrium after the reaction time with intensive heat exchange and electrolyte
transport (Etmmw”), like blood and lymph. Some absorbed energy also heats the surroundings,
initially nontargeted issues ( Eissue). Consequently, the energy which increases the temperature ( Er)
is less than the incident ‘Ouson Value. The absorbed energy grows the target temperature energy,
but a part of the energy is used up for thermal homeostatic control (primarily the blood flow
regulation) and heat conductivity to the neighboring tissues:
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Considering the energy balance, the Pennes equation [64] describes the heating pro  cess:

oT
pnc 5 = PuSAR — cpppwp(T) (AT) — ky V2T + gop1.1(8T) 1)

Energy for the
The terms in the Equation (1) are as follows: phc%% = temperature grows, p,SAR =
in the target

Absorbed energy Energy loss by
from outside , cpppwy(T)(AT) = homeostatic regulation , and (thZT + qopl.l(AT))
incident power (blood, lymph transport)
Energy loss
= by tissue
environment

The ¢, m and w are the specific heat, density, and perfusion. The subscripts denote the healthy
tissue (h) and the blood (b) values. When the Pennes equation is applied to the tumor, the
subscript will be t. The wb is the blood perfusion rate and T and t are the temperature and time,
respectively. The analytical solution of this partial differential equation is a difficult task. The first
approach uses the Green function [65,66] and the Green  heat kernel function [67] and uses an
analytical solution [68]. The point source Green function solution [69] can simulate the
nanoparticle or thin needle with very local heating. The differential equation can be well
approached with differences when the time changes. The homeostatic control is slow enough and
does not allow rapid changes, so the differences in the values can be used to approach the solution
of the differential equations with enough accuracy, neglecting the minority effects in (1) at constant

p | SCE6OGPCGEEAROGUCHPI CPi 0oai C- PECI CERUUTKLE webohthirdie6 CH I - E Ce
following:

OAT 1 SAR
— 4+ —AT = 2
ot T c @)
Ty =2 A
where 0 Wy s the relaxation time in the perfusion model according to the Pennes Equation

(1). The solution to this difference -equation is as follows:

_ SAR
B CpWp

AT (1—e7) 3)

We must approximate the relaxation time in cancerous tissue. In rough approximations, the blood
perfusion of the tumor is 0.833 kg/sm3 when the temperature is below 41 (C and 0.416 kg/sm3
when the temperature is above it [70]. Therefore, the following applies:

10°

To41 = 5ggz = 1200 s = 20 min, ()
Tog = 5z = 40 min
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However, the inflammatory reaction occurs in the surrounding tissues and not in the tumor itself,
so the relaxation time in this constant perfusion model is as follows:

T0 = T =~ 4.2 min (5)

EDCRCCBBPEBYGCPROI CoUCDPI ChPi - DCail CDECA:- PRGOCRO6CHDPI CHDRCC
the studied tissue. This is the tissue relaxation after a heat shock by the blood  -flow washout
process. Healthy tissue is measured at D 4 hu7 min. The clinical standard average of SAR in the MHz
range is 6 min [72], and we use it as a standard physiological average relaxation time,  Zae = 6 min.

The time of thermal washout could be modified by changing the metabolic rate by lowering the
temperature, and it will make the tail of the washout function longer in time. Consequently, a longer

t NP > t0 a value will be added to the simple exponential, which depends on the decreased
metabolism by the cooling process. This additional effect will cause a time lag because of the
actual physiological time of the metabolic reaction. Due to the physiolog ical self-time, which is
about the same as the thermal washout physiological time, is approximately 6 min.

Thermal homeostasis regulates the temperature of the tissue. The absorbed energy drives
temperature growth, but the increased blood flow, as an energy sink, counteracts. Over time,
thermal homeostasis fixes the temperature in the thermal equilibrium, formi ng a steady - state
process. The temperature, in this case, becomes constant. The absorbed energy substitutes the
losses by Eiansport @aNd Eissue, Without changing the temperature (Figure 10)

Keeps the temperature.
Compensates the energy-loss

(Eabsorb = Etransport + Etissue)

Heating off

W (E transport +E tissue)
(E: absorb =~ 0)

Heating on

(E absorb)
(E transport +E tissue ~ 0)

Figure 10. Figure 10. The phases of the temperature development while the absorption is on/off.
The phases of the temperature development while the absorptioni s on/off.

All these dynamic changes depend sharply on personal homeostatic regulations, the electrolyte
transport in the targeted volume, and the incident power. The dynamism of the heat delivery may
also profoundly change the heating process [69]. Due to the physio  logical changes (first due to the
blood - stream variation), the linear dependence breaks (Figure 11). When the SAR value is moderate,
thermal surveillance develops an equilibrium [73]. However, a higher SAR (rapid temperature gain)
could cause overshooting, compensated only after an overshooting, but the SAR could be as much
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as the homeostatic regulation cannot fix the temperature. Notably, the tumors are usually hotter
than their host due to the high proliferation and energy use, even in thermal equilibrium.

(a ) Heating of a homogeneous healthy tissue ( b ) Heating of a heterogeneous tumor tissue
Necrotic tissue |
without . <
control .~

e

Heating out of .
hameostatic /
control °

s

‘/ L Heterogenic

ﬁ Rapid heating, overshooting K ; lif :
/ O proliferating tumor

7 Healthy homeostatic regulation

AT, temperature change (arb.units)
~
/
AT, temperature change in heterogenictumor
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| Physiology ! t, time (arb.units)
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Figure 11 The incident heat could determine the different processes of the control process of
thermal homeostasis. (a) (1) Is the simplest saturation, a steady state heating of a healthy tissue
When the SAR is moderate, the temperature rise is relatively slow (thi s is the case in most
regional treatments). (II) The SAR is high enough for sudden temperature changes, while the
physiological thermal feedback only reacts later and regulates the saturation value (this is the
case in high - energy local treatments). (Ill) The SAR is huge; feedback is not able to moderate the
temperature, and it toxically burns (this is the case in most ablation treatments). (b) The tumor is
highly heterogenic, and the temperature develops differently in its parts [71,74]. The high
proliferation rate of the tumor enh ances the deviation from the healthy equilibrium. A significant
volume of the tumor could be necrotic without control.

The blood delivers the drugs for chemotherapies and oxygen for radiotherapy, so its behaviors are
essential. The timing of the deliveries and washing out the toxic species are important factors to
consider. In hyperthermia applications, the thermal washout time is driven by the 6 "@nd differs
from the nonthermal clearance of molecules (like radiofarmacons , tracers, blood - delivered
molecules, drugs, particles, or cells) from the tissues. The main difference is in the mechanisms of
diffusion, which are different for various blood delivered particles or molecules and heat. The
thermal washout is also a complex process mainly driven by the & "Cbut not determined by it alone.
The investigations of the clearance of tracers clearly show that the clearance (wash - out) tightly
depends on the 06 "but these parameters are not equal; instantaneous mixing with metabolic
changes and diffusion breaks the unity. Also, the metabolic heat does not directly affect the
clearance, while the thermal washout is directly modified by it.

CYCRORI - CRPHYCAQGEI ECAI CgACI Cgi ECROCPPI CG:- CPgEPCgUCE
showing a similar scaling behavior as we saw in the heat -up process. The washout scaling
JCRORI - CRPHYCRCC - |-Goidhe Gdce [79]. ACiRnp&tank dbsgi@atiad fin contrast
material studies is that the enhancement of the contrast material decreases with the temperature
growth while increasing with the thermal cooling coefficient [76]. The main message is the high
variability of the BF with tumor entities, and the tumors have a massively heterogeneous BF, having
a gradient from the center to the periphery.
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Hyperthermia protocols usually apply step -EaCpbi - PROUCCAI AR- i BT T ECPeCHPI Ca
heat pain effectively limits the hyperthermia dose. The patient senses the process and thus guides

the personalized homeostatic heating -up dosing. It is more pat ient friendly, causing as little
ERCAgoUgCHPC- CCagCCRAI I CAI A- ECi Cbpi Ca:- PRI 6DPzZCCPg0i 8CHD-
provide the proper dose. The actual protocol for the treated patient must be optimized to the

given conditions and curatively eff ective with a high standard for safety, limiting the applied dose.

This concept is entirely different from the conventional hyperthermia goals because instead of

trying to produce isothermal volumes (equal temperature in the tumor), it uses heterogenic

heating, following the heterogeneity of the tissue itself. This far - from - equilibrium heating keeps

the driving force between the heated membrane rafts and its environment, pumping the heat from

these nanoclusters to the cell interior.

When the intended dose is too much, it hasto  be corrected via personal notes. On the other hand,

when the protocol presets a low energy dose, higher energy can be applied until the patient

ROERA- Pi CChbbiCcai CCgo6-1RITTECIiRBRORDSCArgIi ChI -PROUCRCCAC: .
has the high est thermal load, and heat sensing is also there. This personalized dose regulation is

the main factor for safety and, together with this, for efficacy. In proper step -up heating, no

continuous increase of the temperature is applied. The primary governing process is homeostasis,

so the heating fits that equilibrium. A steady - state gradual heating is necessary. The physiological

response time must be considered. This characteristic time is when the homeostatic equilibrium

is re- established in the new conditions after a definite disturbance. The average wash - out time in

PEO- 6CCRCC- 3aCohSCURGI CPaCCIi gl 6CORGEDI CSC+g6-GREI CROUC
heating is shown in Figure 12. A detailed calculation shows the rise in temperature and its

dependence on the power function in step - up heating [49,50].

temperature

power

time

Figure 12. Step- up heating considers physiological adaptation. Step - up heating maintains the
steps until homeostatic equilibrium. The provided cumulative energy could vary with the time
intervals of the steps.
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3. Semi-Adiabatic Synergy (SAR)
At the start of the heating, when the physiology does not  impact (E wansport = Bissue = 0), the complete
ET makes a temperature increase, so in this case, the following applies:

ET = Eapsorb = me-ct-AT (6)

where m. is the heated tumor mass,c (R CCBbpbi CCail ARURACPI - PCoUCPPI CPE0 @ CS$ C
increase. In a shorter time than the actual relaxation of the tissue, the thermal homeostasis does

not modify the absorbed energy, and the SAR directly defines the temperature development. Using

(6) in this initial stage as follows:

SAR =

E -cpAT AT
absorb T Ct _ Ct'( ) @)

mtAt a mtAt E

VPRCCRORDPR -1 Cail CRECRCCPggCChbgCDSCA- ECROUC- CAPHCROGI o
-ER-A-PRAYSC - 6EC @61 HC PPi Cp I C - -ADCC UgCC PioaiC- PECI ¢
homeostatic processes led by blood perfusion, but additionally keeps away from the growing

metabolic rate, the change of the absorbed power due to the variation of electric and thermal

parameters with the temperature, etc. All the absorbed energy appears like it would be a non - living

target, so the thermal and nonthermal synergy appears. Due to this period not dealing with the

homeostatic processes, the nonthermal effects occur more than in the further heating when the

thermal control works. So, the nonthermal impact is dominantly active in this period Figure 13.

The temperature profile after this semi -adiabatic period declines with the slope of the
temperature change and seeks thermal equilibrium without changing the temperature (Figure 14).
This equilibrium temperature requests  an energy dose, which replaces the lost energy by cooling.

The equilibrium process could be described with a stochastic explanation [49], approximating the
different heat transfer parts. When thermal homeostasis stabilizes the temperature, the absorbed
energy replaces that lost by heat conduction, convection, and radiation to keep the equilibrium.
When the temperature development deviates from the slope, going stationary, another so - called
constant perfusion rate model could be introduced. We seek to equilibrate the dominant factors

that remain in the Pennes Equation (1) as follows :

aT
Prch 5, = PrSAR — coppwp(T)(AT) (8)

The solution of (8) is as follows:

PrSAR ( (L))
AT = P22 (1 ' 9
coppwp(T) @
where .
TH = Chph ~ (10)

coppwp(T) — wp(T)
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is the time constant of the constant perfusion model. Using realistic parameters, we obtain Zcp D=

6 min. When t is large, the system reaches thermal equilibrium, and no further rise in the
temperature is observed:

0= prSAR — cpppwy(T)(AT) (11)

From (11), the equilibrium temperature is as follows:

Teg =14 SAR =14 SAR. (12)
cpwy (Teq) per fusion
When the power is switched off, the target cools down, determined by the wash - out time.

TME

energy-absorption

membrane-raft

small heat-diffusion SFSENGTEE S cell-membrane

excitation of
transmembrane

proteins
Energy flow

0 d

signal transduction CYtOSOI

Figure 13. The semi- adiabatic heating of the raft structure. The energy absorption is focused on
the rafts. They are embedded in a well -isolating lipid layer, which has bad heat conduction,
ROACI - CROUCDPI CPDROI Ci - UCoUCDPI CAgEHZCCCI - ADR@O

The impedance matching covers the cooling process and stabilizes the homeostatic control in the
subcutis layer under the electrodes. Significant differences appear in the doses during the heating
period, showing an increase in the temperature until it reac  hes the stable thermal equilibrium. The
emphasis on the thermal or nonthermal processes makes the principal difference between the two
heating periods. The nonthermal period primarily depends on the heating technique, the position

ﬂ]
of the tumor, and the ini tial power density [sz

The semi- adiabatic period in radiation is between 10 and 15 min [77], which is about 20% of the
complete session time. However, some protocol modifications could change the ratio. Step -up
heating typically increases relative nonthermal dominance because th e power proceeds before
the thermal regulation becomes active. Of course, the thermal and nonthermal effects are strongly
synergistic and tightly interact (Figure 15)
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Figure 14. Heating process. (a) The target heated homogeneously. (b) The starting period heats
only the target. It is semi - adiabatic. The physiological feedback has a conditional delay. (c) When
the thermal regulation makes equilibrium, the temperature does not chan  ge, and the perfusion of

the electrolyte transfer compensates for the incoming energy. When the power is switched off,

the perfusion and tissue heat transfer defines the slope down (wash - out).
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Figure 15. The thermal and nonthermal effects work in synergy. The nonthermal dominates the
semi- adiabatic heating period, while the thermal dominates the equilibrium
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3.1 Semi- Adiabatic Synergy (SAS) Promotes Apoptosis

Two main categories (and many of their variants) cause cell death. Necrosis is the sudden rupture
of the cell. The cytoplasm and the cellular organelles located freely in the extracellular matrix could
cause inflammation or, in large quantities, could bet oxic. Another major variant is apoptosis, where
cell death is gentler. The cellular components became fragmented and could be embedded in lipid
membranes for safe elimination. An extremely gentle fragmentation happens in immunogenic cell
death when damage associated with a molecular pattern is released in an undestroyed form [78].
The unhurt molecules deliver information about the genetic structure of the cancer cell, which
could be used to adapt the available dendritic cells for immune surveillance to over come the
evading capability of cancer [79,80]. The tumor - specific adaptive immune T cells (killer and helper
cells) perform immune attacks on distant metastases to where the bloodstream delivers them [81],
which was observed in human studies as well [82,83 1.

Nonthermal activity was widely studied [84,85], and its synergy with a thermal component of
absorption is also studied [4,5]. The synergy of the thermal and nonthermal effects recognized in
MEHT increases apoptosis compared to the only thermal conditions [ 86 88], which has been
shown to be complementary to chemotherapy [89] and radiotherapy [90]. The effect of
modulation as a purely nonthermal impact also increases apopto  sis [91].

3.2. In Vitro Verification

In cell-line experimental conditions [49], it was proven that the increased temperature is
proportional to the absorbed power (SAR) in semi -adiabatic states as shown in (7), while
exponential declines from this linearity, as in (9), and equilibriums appear at constant temperature
(12). The SAS conditions have nonthermal dominance. Apoptosis during this linear changing period
may be compared to the equilibrium to study the thermal and nonthermal impact difference on

the cellular level [49]. The experiment measured apoptosis during the two definite periods of
energy absorption. The regular mEHT of the adenocarcinoma human alveolar basal epithelial cell
line, A549 treatment, was performed at 42 C starting from 25 (€. The heating details were studied
by divided periods, as shown in Figure 17:

1. Phase 1. heated the cells from the room temperature (25 (C) to the usual starting
temperature of the in vitro experiments, the human body temperature (37 (L);

2. Phase 2. heated the cell culture from 37 (L to 42 (C, which is the equilibrium
temperature of many standard hyperthermia treatments expecting the thermal
impact;

3. Phase 3. kept the equilibrium 42 (€ for 30 min;

4. Phase 4. continued the equilibrium heating at 42 (L for the next 30 min
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Figure 17. Analyzing the heating process in four phases: heat from 25 3 to 37 3 , from 37 3 to 42
3, and keep the 42 3 for 30 and 60 min. (a) The power and temperature diagram: phase | and Il
18 W, phase lll and IV 7.5 W, and the absorbed energy in Phase | is 10.8 kJ, in Phase Il 5.4 kJ in
Phase Il 13.5 kJ, and in Phase IV 13.5 kJ [49]. (b) The development of apoptosis in mEHT and wHT
applications in the A549 cell line.

The SAS period was 15 min, (with 18 W power) the equilibrium period 30 min (7.5 W). In this case,
the apoptosis (measured by Annexin V positive cells) was 31.18%. Remarkable apoptosis was
measured in phases | and Il, while in the longer phases Il and IV, the apoptotic activity was  low.
Replacing the 1st phase with purely thermal water bath (WB) heating, apoptosis decreased to
22.6%, and when the 2nd phase was also replaced with WB, apoptosis decreased further to 7.2%,
showing that the non -thermal effect in the heating up SAS period had produced the majority of
apoptosis (Figure 18). Counting that the SAS had 18 W for 15 min (16.2 kJ ), equilibrium needs only
7.5 W of power for 30 min (13.5 kJ). The energy - corrected expected apoptosis in the equilibrium
period increased a little and became ~8.64%, but much smaller than the apoptosis in the SAS
period. With the WB (42 3 ) and the incubation (37 3 ), applied for the same time when the mEHT
treatment was performed, apoptosis was low at 2.61% and 2.42% respectively.

Numerous control experiments were performed [49], substituting the various phases with WB or
incubation; the results showed the same dominance of the SAS period in apoptotic production.
When the treatment time in the equilibrium temperature (42 (L) was doubled (added Phase 4.),
apoptosis grew significantly from 31.18% to 31.63%. However, when the equilibrium period cooled
down the cell line to 37 L for 5 min and up again to 42 (L in the next 5 min, apoptosis significantly
increased to 51% altogether (Figure 19). In this experiment, the pulsing increased apoptosis to more
than two times more than the standard mEHT at the same time and same temperature. This
remarkable result gave rise to the idea of the pulsed mEHT development.
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Figure 18. The apoptosis is high in the mEHT, keeping the treated adenocarcinoma human
alveolar basal epithelial cell line, A549, at 42 (L, and statistically does not differ from the time of

keeping the equilibrium (45 min or 75 min treatments), but the water bath with the same 42 e
has significantly less apoptosis in the same cell line and, at the same time [49]. This difference
was observed by others, too [84,86]. It is noteworthy that the process in the incubator at 37 c

has statistically the same result as the water bath at 42 3 . Results are significant (**, p < 0.005)
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Figure 19. The interruption by pause/pulse power made a significant improvement in apoptosis.
(a) the power impulse and the consequent temperature change in time. (b) The apoptosis
development Figure 19. The interruption by pause/pulse power made a significant impr ~ ovement
in apoptosis. (a) the power impulse and the consequent temperature change in time. (b) The
apoptosis development over time with mEHT and wHT is related to temperature. (c) Apoptosis in
different treatment conditions. The difference between the continuous and pulsed treatment is
highly significant (***, p < 0.0005).

The pulsing role in apoptosis well supports the importance of the semi - adiabatic heating period.
At the same time, it proves the decisional role of the nonthermal effects on apoptosis. These
experiences were verified in vivo .

3.3. In Vivo Verification

The in vitro rat model used immunocompetent animals [92]. An RG2 [D74] (ATCC®, CRL 2433 Z,
Manassas, VA, USA) astrocytoma [93] was inoculated into the parietal lobe of syngeneic Fischer
344 rats. The inoculation was syngeneic, genetically sufficiently identical, and immunologically
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compatible to allow for transplantation. There were three groups (three animals in each): (1) sham,
(2) continuous mEHT, and (3) periodically stopped, pulsed mEHT treatments. The pulsing periods
were 6 min with a 0.5 duty cycle, using the homeostatic relax  ation time shown in Figure 20. A
gadolinium - based MRI contrast agent (MAGNEVIST®, 0.5 mmol/mL, 0.2 mL/kg bdw ) was used to
detect lesions associated with an altered blood - brain barrier, and the volume of the tumor was
quantified at the 8th and 15th days after inoculations. The brain temperature was evaluated
indirectly by measuring the temperature in the middle e  ar and using a correlation curve set up in
an earlier experiment.

—_—
(a)
~—

&

(a) inoculation

0 234567 8 9 101112 13 14 15 16
Illl*{* *[pmb

= Electrode
s Middle ear
== Rectum

Temperature (t2C)
g

mEHT treatment o Pad
Effectrve evaporation-
based cooling system == Power forw.
(b) i; s Power dis.
3 10 = Power refl.
s :
& 6
T 4
L
20
e 15 }.__ L L
; 1.0 = in+ Out
L] g: SWR = o=t
N A NN ONORNOYT NN ANRNO MR M@ NN O
BN EaARR NI RRANSSRARARASZAIRSRS
8588388555833 0NN RER88RARRRAR

Time (min:s)

Figure 20 . (a) The applied protocol. (b) Well -localized energy targeting on the head of the rat. (c)
The parameters during the treatment [93].

The tumor growth rate between the 8th and 15th days after inoculations was, in the case of sham
animals, 23.73 = 12.15, in the treated with classical mMEHT protocol, 19.08 + 0.49, and in the treated
with pulsing mEHT protocol, 6.83 + 2.02 (Figure 21).
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Figure 21. In vivo verification of the advantage of pulsed mEHT. (a) MRI imaging of the tumor  15th -
day post - treatment with the Mediso nanoScan 1T small animal MRI system and a 3D image
acquisition sequence MAGNEVIST®, 0.5 mmol/mL, 0.2 mL/kg body. (b) Tumor growth rate after
the treatment (15th day) [92]. Results are significant (*, p < 0.05).
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The immunohistochemical analysis shows the highest effects of the extracellular release of HSP70

in pulsed treatment. The extracellular HSP70 molecule has a decisional role [94] in tumor - specific
immune reactions, delivering information for antigen - presenting and killer T cell priming [95,96].
The reduction of the Ki67 protein, which marks proliferation, shows the suppression of the
malignant activity in the rat highest with pulsed mEHT, Figure 22.
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Figure 22. The increase of the extracellular HSP70 and the reduction of the Ki67 proliferation
marker significantly increased in the pulsed experiment [92].

4. Pulsing Modulated Electro Hyperthermia

It is early knowledge that the blood flow and the speed of the heat delivery are connected. Rapid
heating well differentiates the blood flow between the tumor and healthy host, while at slow
heating, this difference tends to disappear [78], even when both  were performed for 20 min at 43
(C. In an early experiment, a heating pulse (45 (C, 10 min) was used to treat experimental
rhabdomyosarcoma BAII12 cells before continuous hyperthermia exposure for 3 h at 42.5 (C [97].
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The starting pulse had a noticeable role in the results of the hyperthermia procedure. These
observations emphasize the role of the semi - adiabatic heating period as one of the factors in the
selection. Pulsed hyperthermia in cancer treatment refersto ate  chnique where heat is applied to
tumor tissue in short, controlled bursts rather than continuously. This approach can potentially
enhance the effectiveness of cancer treatments while minimizing damage to healthy surrounding
tissues. Pulsing is not a new he ating technique. The precise temperature adjustment often uses
pulsing for preciosity, like in the incubators [98]. Hyperthermia in cancer therapy also uses thermal
cycling to enhance even the anticancer effect of natural compounds in pancreatic malignant cells
[99], and it was also used in human treatment [100].

Continuous hyperthermia can also damage healthy tissues surrounding the tumor. Pulsed heating
addresses this concern by delivering heat in cycles, having a heating phase (applied for a short
duration and raising the temperature to the desired level), and f  ollowing it with the resting phase
(heating is stopped, allowing the tissue to cool down partially). This cycling provides for the
following:
1 Reduced risk of damage to healthy tissues: since healthy tissues cool down faster
than tumors , they experience less heating during the resting phase

i1 Potentially enhanced tumor damage: some tumor cells might be more susceptible
to heat when exposed to pulsed heating than continuous heat;

1 Improved treatment tolerability: patients may experience fewer side effects due to
reduced overall heat exposure.

The nonthermal effects of pulsed electromagnetic fields have also been investigated [101] and are
shown to have a harmful nonthermal effect when the pulsing power is high. Damage by the pulsing
heat treatment is also displayed in skin layer experiments [L0 2] and well applicable for the chemical
and thermal activation of the TRPV3 vanillin receptor [103], which otherwise has a role in
immunogenic effects in mEHT applications because the mechanism of these channels could be
modified by electric field [5]. An  essential application of the pulsed electric treatment makes the
transient reversible opening of the blood - brain barrier (BBB) [104 J106]. This non- invasive method
could be applied to promote drug delivery to the brain, which the BBB blocks. The opening
mec hanism is connected to the impact on tight junctions even without thermal effect [107]. When

the power has a periodic increase, the applied step - up heating is also a pulsed process with very
low frequency. The pulsed electric field (PEF) heating has particular applications in pain
management [108,109]. The oncological applications have just started and have a good perspective
[110]. The pulses are short (most nanoseconds) [111]. Longer heating times (50 s) by magnetic pulses
shows the usual heating pattern for breast cancer  hyperthermia treatment [112] and for induced
damage of the tumor microcirculation. Electrochemotherapy (ECT) is developing on this basis.
Continuous ECT (galvanic treatment) is an old therapy [113], also developed in the early 1990s in
Bad Aibling (Germany) [114]. The PEF application is quickly developing in electroporation [115]. While
PDPi CYJAEI CROUCHPI AP6RgEI YCRCCAg00@g06i HCECI ECROCPHaAI CDBPI
specifically does not utilize this technique broadly.

The new mEHT with a pulsing technique is thermally assisted and provides all the advantages of
continuous mEHT operation. The above -described selective mechanisms target the membrane
rafts and the membrane microdomains, which have a role in intracellular s ignal excitation and
regulation, as well as the ICD processes. The targeting of membrane rafts helps to develop novel
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complementary therapies to increase the sensitivity to chemotherapeutic compounds, opening

the gate for drug penetration into the cell and reducing multidrug resistance [116]. The capacitive
coupling could also give a unique advantage in modifying the memb  rane voltage [117] with a low
electric field.

The personal sensing homeostatic step -up heating solves safety problems when the patient
communicates about identifying any discomfort. The question naturally arises about the reliability

of subjective sensing, but personal sensing is the best available me thod for monitoring the heating
process. Personal sensing is typically used to drive many protocols active ROCPGE- A#zCCol ERA
treatments. When the patient cannot tolerate the prescribed dose, it is lowered, trying to fit it to

the personal tolerance level. There is no reliable personalized dosing without controlling the
guidance of personal sensing. In pulsed heat treatment, immense power can be tolerated for the
short pulsing time when the time between the two pulses is long enough to return the temperature

to the tolerable zone, at least partially. In these conditions, personal sensing will be the average
time of the power . The slow thermal and physiologic reaction to the rapid power absorption makes
averaging possible. By applying heat in pulses, healthy tissue surrounding the targeted area has
more time to cool between pulses, potentially minimizing damage and side effect s. This can be
especially beneficial for tumors located near sensitive organs or nerves.

The duty cycle is as follows:

p_{P)_t (13)

where OPdis the average, P, is the pulsed power, t , is the pulse width, and tr is the repetition time.
§PRI I CODPI CAEIi CIl C)GROE@GCRCCCI AD- 6UEI - CSCPHPPpPIi CCI CEi PRO I
thermal parameters of the targeted mass (Figure 23).
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Figure 23 . The electric pulsing and the thermal reaction differ. (a) The pulse heats the material,
which is slower than the electric signal, and the end of the pulse starts a cooling process. (b) The
thermal parameters of the target (& ) define the relaxation time of heating Ucooling phases. The
change of & may drastically change the thermal pulse at the same electr ic pulsing.

When the duty cycle is low, the average temperature is unchanged and remains on the baseline,
having enough time to cool between the pulses. However, when the duty cycle grows, the cooling
down period relatively shortens and could not be enough to reach th e baseline again. In this case,
the average temperature rises. The growing temperature follows roughly a cumulative Weibull
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function [49] w= p ~\fo where ¢ is the is shape parameter, and t o is the time parameter.
Both depend on the target material (Figure 24).
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Figure 24 . Effect of the duty cycle. (a) When the off - period of the pulsing is shorter than
necessary for the thermal return to the baseline, the target cumulates the heat, and the overall
average temperature grows. (b) The average temperature growth can usually be  described with

the Weibull function . (c) The pulsed heating process with Weibull heat - shape.

4.2. Advantages

The pulsing of mEHT has numerous advantages, as follows:
1. Enchanted Efficacy:

a. The active factor of the mEHT is the RF current, which selectively flows through the
target. In pulsing conditions, the extreme power gives a proportionally sizeable
current density, which causes an effect. Pulsed heating can be more effective at
killing cancer cells than continuous heating at the same average temperature;

b. The pulsing induces he semi-adiabatic start of temperature growth, which
accounts for the most significant part of apoptosis and induces immunogenic
processes;

c. In a low-duty cycle, increased blood flow to the tumor during the off pulses can
bring in more oxygen and nutrients needed for the heat to damage the cells.

d. The high- power pulse may induce reversible electroporation, increasing synergic
efficacy with complementary chemo and immune therapies;

e. Pulsed heating does not drastically influence homeostatic regulation as continuous
heating does. So, the treatment and natural regulations are more effective in
cooperative harmony;

f. pPEERI CCCPgGCPP- PCAaEiIi CIl ECIi i1 ADCRACURI I ECCI UUI 7
quality of life.

2. Control and Flexibility:
a. Pulsed heating allows for finer control over the temperature delivered to the target
area. The pulse duration, frequency, and power can be adjusted to achieve the
desired therapeutic effect while minimizing the heating of surrounding tissue;

b. The power in the pulses may be kept constant; only the duty cycle changes the
average power, which determines the temperature. Like digital technologies, the
continuous power (and constant energy absorption in a pulse) makes the dose
more controllable;

c. The associated side effects are reduced due to the pulsed heating and its relatively
long relaxing time with a low - duty cycle;

d. The synergy of the thermal and nonthermal electric absorption is more reliable;

e. Despite the large pulse power, skin and adipose burns are less likely because the
subcutaneous blood flow is active, may quickly reduce the heat stress in the
pausing period, the pulse is short to burn, and the low - duty cycle ensures the low
average temper ature on the surface, too .

Oncothermia Journal Volume 3 8 | August 2026

Page 60 | 217



3. Potential Dose Reduction:
a. Due to potentially higher efficacy, pulsed heating might require lower overall heat
doses than continuous heating, potentially reducing treatment time;

b. The specific benefits of pulsed heating may vary depending on the type of cancer,
tumor size, location, and other factors.

4. Technical advantages;
a. The reduced cooling facility makes designing a simpler and more efficient
electrode system possible;

b. Forcing step -up heating is unnecessary; choosing the semi -adiabatic phase is
automatic and self - adjusted;

c. The tuning is more accessible because the power (the pulse intensity) is constant
during all the processes;

d. Having 200 W in continuous heating, the power is at a 36 cm depth (the heaviest
patient) and is D 15% of the incident field, which is D 30 W. In the pulsed case,
reaching the same temperature with 800 cap W pulses with 0.24 duty cycle
(average power is also 200 cap W like it was in the continuous case), the power at
36 cm will be 120 W in pulses, which is a significant increase. | propose the idea
that this method treats all depths in humans equally.

4.3. Limitations

While pulsed mEHT shows significant advantages in cancer treatment, there are still potential
limitations and adverse effects. The severity of the possible adverse effects depends on various
factors, such as individual health, treatment parameters, and tum  or characteristics.

1. Localtissue damage: Although pulsed heating reduces overall heating time, localized
areas within the treatment zone may still experience high temperatures, potentially
leading to extended tissue damage. The selection mechanisms on the tumor localize
it, so the host tissues are likely safe. Still, we may lose part of the immunogenic
advantages by the necrotic way of tumor cell death;

2. Pain: The heating process can cause discomfort, and individual sensitivity varies.
Some patients might experience more intense pain with pulsed heating than
continuous heating, but the overall pain reduction after the treatment likely works
for all;

3. Nerve effect: Depending on the location, pulsed mEHT could lead to local numbness,

tingling, or othernerve -Ci i - BPIi ECRCCEI CSCEl al 6EROUCgO6CHPI Ca - -

4. Systemic effects: Like any hyperthermia treatment, pulsed heating can cause
systemic effects like thirstiness, fever, chills, fatigue, nausea, and vomiting. The
severity of these effects depends on factors like individual health, treatment
parameters, unde rlying medical conditions, and complementary medical
applications;
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5. Tumor- specific risks: The significantly high - power intensity in the pulses may cause
rapid tumor lysis syndrome, which is toxic;

6. Unforeseen complications: As with any new medical technology, unforeseen
complications are always possible. More research is needed to fully understand the
long-term effects and potential rare side effects of pulsed mEHT. Open
communication and regular mon itoring during treatment are crucial to identify and
promptly manage any adverse effects;

7. Technical challenge:
a. The pulsing power and temperature averages could differ depending on the
PE0@CzCCPPIi CO0-1CG- CPgEDCAPHCREI s UHSCGPRAPC?
b. The average power depends on the duty -cycle, so it does not serve as a

dose in the mEHT as it was in continuous power. The dose could be only the
integrative absorbed energy.

c. The pulsing can change the original 1/ f modulation depending on its duty
cycle.

5. Conclusions

The pulsed mEHT treatment gives additional advantages to the standard modulated electro -

hyperthermia. This type of treatment provides promising improvements in terms of safety and

efficacy. The additional impulse modulation (high - power pulsing) increasest he mEHT efficacy. The

increased penetration depth supports the treatment of deep - seated tumors for heavy patients,

- 0OECPPIiI CEIi ACi - Cil ECPPI C0-1Cig- ECg6CPPi CCEROGC- 6ECPPI C- E
and quality of life .
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Abstract

Modulated electro -PH&T CBDpi CoOR- C Ud64DviaC BD- CUI BCC PRCCEI zCC

heterogeneities to heat the cancer cells selectively. The applied 13.56 MHz radiofrequency (RF) is

a carrier of the low -frequency modulation. The high -frequency part was ch osen to select the
malignant lesion using the specialties of the tumor: the higher conductivity and dielectric constant

of the tumor than its host. The electric field selects the tumor, and the low - frequency amplitude
modulation polarizes and excites thet ransmembrane proteins of the malignant cells. The dominant
absorption of the energy by the microscopic clusters of the membrane rafts acts like nanoparticle
heating. Exciting the membrane produces various apoptotic signals. The processes were modeled
using silico and phantom experiments, which proved the concept. The preclinical verification was
made in vitro and in vivo, and in the end, clinical proofs validated the method. Our objective is to
follow all the development steps from the laboratory to the cli nics in a trilogy of articles. This
present is the first part, which deals  with in silico, phantom, and in vitro research.

Keywords

Modulated Electro - Hyperthermia, mEHT, In Silico Calculations, Phantom Measurement, In Vitro
Experiments, Thermal Effects, Nonthermal Processes, Apoptosis

1. Introduction

Cancer therapies have rapidly developed in the last decades. All classical treatments like
chemotherapy (ChT), radiotherapy (RT), and surgery (Op) went through intense variation. The new,
highly effective drugs and the personalized medication renewed the ChT . The emerging immuno -

g6Agl sUHCUEN"UCRODCOEEAI EC-C6i GCAgo6Ai aPDCogUCA- 6AI CCii

regulative capabilities instead of cytotoxic drugs. The tomotherapy and the ion - beam therapies
made a breakthrough in RT, while in surgery, the high - preciosity, remotely operated surgery
devices and new laparoscopic solutions represent vital developments. Hyperthermia also had
numerous new developments and improved techni cal realizations, but its medical recognition
remained behind the conventional treatments. Conventional oncological hyperthermia intends to
heat the tumor as much as possible. However, bioelectromagnetics and immunology are game
changers in oncological hyperthermia, far beyond the task of simple heating. The hyperthermia
process had changed. The method thermally induces various processes governed by
bioelectrodynamics . The thermal effect is a part of the energy that heats and appears in the
temperature increase. Another energy part excites electric and chemical processes that are well -
organized in space and time, choosing the optimal cell death to eliminate the maligna  ncy. Cell
destruction does not depend only on temperature, it could be guided by nonthermal processes,

o -

b

E0GROUCPP- BCPHPPICiRIGROUCCHCEAPECI CC-CiCooCi CAPI ORA-

hyperthermia is a method to kill malignant cells by absorbing e  nergy characterized by a specific
absorption rate (SAR). The SAR acts synergistically with thermal and nonthermal effects. The
critical part of energy absorption is how the thermal effects ensure optimal conditions for the
nonthermal molecular processes. Optimal oncologic hyperthermia sensitizes certain
complementary methods like radio (RT) and chemotherapi es (ChT). In hyperthermic effects, in
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addition to the thermal impact, we consider the nonthermal processes, which cannot be produced
thermally alone but use thermal conditions to optimize the triggered reactions.

vbi Co- -1 CbhPgoil gCH- CRCSC- CU- CARG- PROUCACgAI CCCPP- BDCCIi UEI
set point in the hypothalamus, is at the heart of our research. It seeks to restore the baseline

condition with a nonlinear regulation, including improving elect  rolyte transport in the heated area

and intensifying various physiological mechanisms supporting its forceful control. Living organisms

- CiC6egbCPPi Co-1CZ0o- APRG6I CRzZCAEDCC:- DPi CCAPIi 0RA- 1 Ci 6DR
the ignited reactions are chemical, with their reaction rate being sharply  temperature - dependent.

Interestingly, nonthermal changes can be electromagnetically promoted, adding another layer of

complexity to our study.

vhpbi CR6ACI - CROUCH:- CUI PzCCbioai C- PECIi CaCgogbli CCBPI C6o0H
effects must be used in synergy, which is realized by the well - chosen modulated radiofrequency

(RF) electromagnetic effect in the mEHT technique [3]. The therma | and nonthermal effects form a

synergy (Figure 1) and determine the actual processes together. The thermal component provides

the appropriate temperature of the tumor microenvironment (TME) by heating the membrane rafts

[4]. Another general thermal action affects the ext racellular matrix (ECM) and a part of the TME.

This acts mechanically and molecularly [5], accompanying the thermal absorption of

transmembrane protein clusters.

The incorporation of energy happens at clusters of transmembrane proteins [6], [7] [8]. The
nonthermal component excites the membrane receptors of the cells. The well -chosen
radiofrequency electric current can deliver energy for molecular excitations invol ving various ionic
and molecular interactions [9]. The process only has a moderate thermal effect and excites the
molecules or structures that fit the applied resonant conditions.

Heating, thermal

nergy absorp%

oxygenation, || Feeds the t
s radiotherapy | | nutrients

(A.) (B.)

electromagnetic energy

absorption

interacting complexity

drug delivery,

Excitation,
nonthermal effects

Heating,
thermal effects

increases the
rate || in

Nonthermal processes
positively weigh the balance

Figure 1. The synergy of the thermal and nonthermal effects. (A.) The division of the
electrodynamic energy to thermal and nonthermal components and its complex cooperation. (B.)
The thermal energy absorption balances between the pro and antitumoral processes. The
nonthermal component tilts the balance towards antitumoral effects.

Researchers in conventional oncological hyperthermia usually share the opinion of the editorial
comment of the European Journal of Cancer in 2001: the biological effects are impressive, but
physically, the heat delivery is problematic. The famous formulati @ 6 CAi1 - 01 CCabPHRHCRACSCyv b
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against the well - defined hyperthermic goal, the high temperature [11]. Recently, the opinion of

blaming was questioned [12]. This paper aims to present the preclinical data of a novel

hyperthermia method called modulated electro - hyperthermia (mEHT), which directly presents the

biophysical and physiological support in the hyperthermic elimination of malignancy. This article

presents the preclinical data of a novel hyperthermic method, modulated electro - hyperthermia

(mEHT), which directly demonstrates the hy perthermic destructiveness of malignant tumors with

intensive support for the biophysical and physiological processes.

2. Metho d

The modulated electro - hyperthermia (mEHT) electric field. It is a kind of hyperthermia that targets
DRCCEIi zCC6- - PEC- 1 Ciii ADCRAC- 6ECPPI Co- i Cphi DI CogUi 6i RDRI C
and destroys cancer cells with definite carrier freq  uency and its optimally chosen modulation [2]
[3]. The applied 13.56 MHz radiofrequency (RF) is a high - frequency carrier of low -frequency
modulation [1]. The high-frequency part was chosen to select the malignant lesion using the
specialties of the tumor: the higher conductivity and dielectric constant of the tumorous cancer

than its host. The frequencies are chosen for the optimal use of the freq  uency dependence of
natural heterogeneities [3] [4]. The electric field selects the tumor, and the low  -frequency
amplitude modulation polarizes and excites the transmembrane proteins of the malignant cells.
The primary guidance of mEHT is biophysical using updated bioelectromagnetic considerations.
The intensive proliferation of tumors is accompanied by a high metabolic rate, which produces
extensive ionic density and higher electrolyte content in the tumor microenvironment (TME).
Consequently, the tumor ha s high electric conductivity, which could guide the applied
radiofrequency current to flow through it. Furthermore, the current may differentiate the
autonomic malignant cells from the networked healthy counterparts in the heterogenic tumor
mass. These selection facilities allow a heterogeneous, targeted effect instead of the intention of

the overall isothermal heating of the tumor mass [13]. The essential step is the energy absorption

of the transmembrane proteins in cancer cells and triggering intracellul  ar signals driving
immunogenic cell death, a special kind of apoptosis [14]. The carrier frequency modulation
supports choosing the appropriate intracellular signal pathways [15] [16]. Time - fractal modulation
endorses the selection of malignant cells [6], heating them locally to the hyperthermia temperature

to induce cellular changes in the targeted cells by thermal and nonthermal mechanisms [1]; Figure

2 The thermal component of the absorption heats the selected membrane rafts, which is the
source of the t emperature of the tumor, as is standard in heterogenic seeds or nanoparticle
heating processes. In contrast, the nonthermal processes excite signal pathways for programmed
cell death [17]. The principle of the nonionizing radiation used by mEHT is very similar to the
principle of ionizing radiation (radiotherapy, RT). The RT isodose actively concentrates on DNA
damage using homogeneous radiation to produce heterogeneous (nanorange) effects to induce
apoptosi s. The mEHT is also a radiation isodose but nonionizing in the RF range and focuses in nano
range on transmembrane proteins exciting apoptotic signals.

Oncothermia Journal Volume 3 8 | August 2026

Page 74 | 217



mEHT-induced
RF current

Energy flow
(thermal + nonthermal)

Channel excitation [J§ Channel excitation

(nonthermal) (nonthermal)
TRAIL-FA
® FADD comy

TRPV1

‘}R' time [, J/ké,/

\ condition jn
(0 7',116
G

Selected = st o
tumor-cells "= o v

|
heat 5
(thermal) " '

Figure 2. The transmembrane proteins of malignant cells absorb the energy in thermal and
nonthermal forms. The nonthermal effect gives the primary drive for the apoptotic signal
pathway (see below in the results).

The technical realization of the mEHT uses numerous biophysical concerns [13] [18] [19]:

1) The radiofrequency (RF) carrier frequency is 13.56 MHz. It is a freely applicable ISM band [20],
so it does not need shielding.

2) The energy is capacitively coupled but avoids isothermal heating; it does not use the plane -
wave method. The capacitively coupled electric field has precise impedance matching,
mimicking the contact electrode conditions [21]. The precise impedance matching produces
negligible reflected power (~1 W) and behaves like galvanic contact with the skin.

3) The method automatically selects the cancer cells, considering the well -measurable
biophysical differences between the malignant and healthy tissues [22].

4) The maximum adequate output power of MEHT is limited to 250 W, less than for isothermal
heating, but high enough to select and excite the membrane rafts of the malignant cells [1],
and sensitize them to the radio [23] [24] and chemotherapies [25] [26] inc  linical applications.

5) The modulation spectrum is a low -frequency time -fractal [27], described by fractal
physiology [28] [29], which agrees with the homeostatic molecular temporal balance [15].
mMEHT extensively uses the modulation technique to identify fractal structures in spa ce and
time (dynamics) [15]. It helps the temporal arrangement of the homeostatic regulation on the
molecular level.

6) The membrane rectifies (demodulates) the signal [30] [31], which acts in the low  -frequency
range.

7) The correct impedance matching provides an appropriate electric field that ensures the
current density (j ).

8) The modulated | -current density actively produces both the thermal and nonthermal
effects.
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9) The patient is interactively connected to the electric circuit, like a discrete element of an RF
circuit. This solution allows the patient to be controlled in real -time because the treated
tumor is actively sensed and targeted as part of the tuned electric circuit [32].

10) The excited transmembrane ion channels function like RF rectifiers and low - pass filters [33].

Preclinical research is a long, multistep investigation process. It starts with the concept, proven in
silico research and verified by phantom measurements. Phantoms lack more complexity than living
organisms. This model verifies only the thermal effects. The research continues with in vitro
experiments, which miss the physiological regulation processes we could model in the next step

in vivo . All models give new knowledge, which appears as feedback for the previous research steps,
which continues until the data show enough accuracy for the proof of the concept, the advantages
and disadvantages, and safety to start the clinical phase Figure 3.

in silico

in vitro
Figure 3. The preclinical methods have intensive feedback from in silico to in vivo through
phantoms and in vitro experiments until all information is harmonized.

The in silico calculations are primarily based on bioelectromagnetic and thermal modeling of the
living tissues, applying the commercial, highly specialized software (Computer Simulation
Technology (CST), Darmstadt, Germany), and the various solutions of the Pennes bioheat equation
[34]. The first period with growing temperature was calculated, which is too early to consider the
conventional term in the equation, considering that the physiological reactions have a considerable
time lag. However, in some cases, the ¢ onvection term was considered using the linear approach.

In further research, when long -time heating is considered, the new approach [35] could be
considered. The phantom measurements used tissue -equivalent materials or meat tissues,
mimicking the actual thermal situation in living objects. The phantom models de scribe the thermal
effects, but due to the essence of the phantom construction, those cannot follow nonthermal
effects.
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The in vitro and in vivo research are more complex. These methods have a lot in common, but the
physiological regulation in vivo shows the temporal development of the synergy of thermal and
nonthermal effects during energy absorption. The feedback mechanis ms differentiate the
temporal progress in the two kinds of experiments. The thermal processes have a complex
nonlinear interaction with the homeostatic regulation, which tries to keep thermal homeostasis.
The hypothalamus receives the thermal signal (prima rily from TRP receptors) and acts to reduce
the temperature. The principal effects are the blood flow with vasodilation and the sweating trying

to cool with the evaporating process. The thermal regulation balances the incoming energy, which
nonlinearly flu ctuates in equilibrium Figure 4. incoming energy [36]. The fluctuation has various
physiological components, including the opposition sensory mechanisms [37] and the various
relaxation times of the different processes. The primary relaxation  times could be measured with
NMR [38], and the complex processes can be calculated using multiple physiological
measurements [39] [40].

mEHT

reference

mEHT

AN A TR s

physiology

stress

Figure 4. Effect of timing in homeostatic control. (A.) The feedback mechanism of regulation. (B.)
The developments of the various signals. (C.) The signal modification during the mEHT process.

The in vitro cellular mechanisms have a short chemical reaction (01 s) timescale while its molecular
developments take a long time (> 1 h) . This feedback synergizes with in vivo development, and the
observed signal is 1/f noise [41] [42]. The in vivo experiments are fundamentally different from the
human clinical observations, but the allometry could help to emphasize the similarities [43] - [45].

The limitation of all such in silico calculations is the extensive complexity of living organisms. The
homeostatic control includes multiple negative feedback regulations, which can be followed only
in a simplified mathematical approach.

3. In Silico Considerations

The most important in silico publications and their results are shown in Table 1. The apoptotic signal

by the mEHT excited membrane receptors and the apoptosis by the single or double - strand
breaking of DNA by ionizing radiation are similar in their molecu lar selection principle. Nevertheless,
despite conceptional similarities, the two methods have an essential difference: the nonionizing
electromagnetic processes have massive thermal effects as the basis of hyperthermia; on the
contrary, the thermal compon ent is minimal in ionizing radiation, and it is primarily an unwanted
side effect of radiotherapy. The final goal is shared: destroy the tumor cells with well -chosen
molecular effects.
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Table 1. In silico considerations in preclinical research.

Idea, considerations Method Findings Conclusion Ref.
The temperature Modified Pennes Temperature develops by Dynamic, nonlinear (46]
development is stochastic.  equation. Weibull distribution. development of temperature.
The correct dosing of Chemical transitions The correct dose needs The presently applied
hyperthermia needs with multiple Arrhenius transition-state theory CEM43Tx dose has to be [47]
chemical considerations. fit. (Eyring). modified.
Self-organizing Stochastic resonance describes The optimal synergy of
Electromagnetic resonances . . . ,
] . considerations of the enzymatic and collective thermal and nonthermal [9]
in oncotherapies. , ,
homeostasis. processes well. components needs modulation.
Electromagnetic The membrane rafts have a Membrane rafts are selectively
The membrane rafts o . . .
description of the rafts  highly tremendous specific heated, and their temperature  [4]
robustly absorb energy. . ] . . . .
and their environment.  absorption rate. is exceptionally high.
The't t dient i
. . ¢ tempera lllre gradient1s The tissues have nonuniform
The energy absorption of Thermodynamical enormously high on
) . . . . i temperature development, and
the extracellular matrix considerations with membranes, increasing the - . [5]
. o , . the heterogeneity determines
makes special conditions. Onsager’s theorem. intracellular pressure and .
the hyperthermia effects.
diffusion conditions.
The coupling technique of the
Study the dosing and depth Impedance matching Impedance matching extends  electromagnetic field is an (48]
effect. coupling. the penetration depth. essential factor in the
treatment’s success.
Critical analysis of the Biophysicalland Trar.lsmembrane ion Icharlmels Exif;ts m.mthe.rmal
. . electrophysical model  rectify and low pass filtering.  antiproliferative effects of
available literature on . [33]
for nonthermal Resonances cause membrane ~ mEHT. It may improve future
nonthermal effects. o )
membrane effects. depolarization. treatments in oncology.
Clarifies how the amplitude Bioheat transfer Low-frequency amplitude The mEHT energy absorption
modulation interacts with  equation for tumor modulation increases has only subtle thermal and [49]
thermal effects. model. extracellular absorption. mostly nonthermal effects.
Th dulated electric field
) ) ) ¢ moduiate F_". ectric lé The modulation of the electric
How the modulation affects Pennes equation with affects the chemical reaction o
the glycolysi ctochastic soluti te similarly to th field is directly connected to [50]
e glycolysis. ochastic solution. rate similar
yeow yiote thermal effects.
temperature.
Environmental noises
Time fractal modulation as  Fluctuations and synchronize the stochastic
a factor of the self-organized stochastic resonancein  1/f noise production. processes, but the system has  [15]
homeostatic synchrony. biosystems. noiseless internal signal
communications.
Th dulation of th
) Thermal and The time-fractal amplitude ¢ mo. ation ofthe )
How does the time-fractal ] RF-carrier frequency, with the
. . nonthermal synergy modulation could destroy the . .
amplitude modulation ] ) homeostatic 1/f signal, [15]
with homeostatic cells out of the healthy cellular .
destroy the cancer cells? selectively targets the
feedback. network. .
malignant cells.
The HSP’s Intra or The immunogenic actions
Clarify the role of the heat  Study the conditions of  extracellular (or membrane) depend on the HSP info [51]

shock proteins.

HSP development.
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The mEHT may induce

. . . Tumor-specific immune
immunogenic effects by innate

I ic cell death
Study of immunogenic mmunogenic cet dea

effects of mEHT. and damage-associated and adaptive immune reaction products abscopal [14]
molecular pattern. effect.
processes.
Th iate electric field
. . The electric field The mesenchymal < epithelial ¢ 'c?pproprla ¢ clectrichie
Bioelectromagnetism of . o . may influence the
. . induces polarization and transition depends on the o [52]
angiogenesis. ) mesenchymal < epithelial
current. electric field. .
transition.
. . Allometric relation exists The inflammatory feedback
Allometric scaling on a
Angiogenesis has allometry. ) ) between tumor mass and cell  could explain some [45]
self-organized basis.
death. unsuccessful tumor treatments.
Comparison of plane . ) o
The impedance matching has  Self-selection is a good
Comparison of capacitively ~wave and impedance
) N better performance than the approach that could have [21]
coupled methods. matching capacitive . . )
. plane wave coupling. immunogenic effects.
coupling.
Temperature and SAR ~ The SAR is strongly
Model simulation of calculation for small inhomogeneous. The different The SAR is extreme in
applicators for preclinical ~ electrodes (#10mm) tumor growth stages have heterogenic places. The model  [53]
experiments of mEHT. developed for in-vivo different temperature and SAR verifies the nonthermal effects.
murine models. profiles.
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with the same heating energy. The nonthermal component excite s the membrane receptors of the
cells [2]. The thermal and nonthermal (electric) effects have similar Arrhenius -like exponential
reaction rates [50]. The well -chosen electric current can deliver energy for molecular excitations
involving various ionic and molecular interactions [46]. The process has a conditional thermal effect
and excites the molecules or structures that fit the applied resonant conditions [9]. Two essential
effects are considered for selection: thermal absorption and nonthermal excit ation. The thermal
component provides the appropriate temperature of the TME by heating the membrane rafts [4]
Figure 5. which are nano-range clusters, widely vary by size 10 - 100 nm [55]; 25 - 700 nm [56];
100 - 200 nm [57]. The rafts trigger intracellular signal pathways and determine cellular processes
[58]. The temperature of these nano - units increases by the square of their rad ius [59]. The thermal
process of mMEHT heats the TME and the rafts, which serve for thermal and nonthermal  processes.
The RF current flows through the tumor and heats the extracellular electrolytes. Due to the high
ionic concentration, the TME absorbs more energy than the ECM in more distant regions. The
energy analysis of the heating differences explains how this effect contributes to cell -killing
mechanisms [5].

m
Q<
> M
i
Q
1v}

Another general thermal action affects the extracellular matrix (ECM) and a part of the TME. This
acts mechanically and molecularly [5], accompanying the thermal absorption of transmembrane
protein clusters. The point selection shows of ~1 MW/kg absorbing  possibility in 100 { m sphere [12]
~ 3501{\_1\;
[49]. The rafts absorb an average. kg [5], which fits the interval of nanoscopic heating 100
“DNNCeé§t eUCUNNGSCvPiCCiiiADPI ECC.- UPC2CPioail ¢ PECI CRCCao
also absorbs energy from RF current. The TME is especially heated due to the locally high ionic
concentration and dielectric permittivity. This thermal pr ~ ocess induces a temperature gradient
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between the TME and the cytosol through the membrane. The energy analysis reveals how the
gradient contributes to cell -killing mechanisms [5].

Figure 5. The particular nano effects in the cell membrane calculated by Computer Simulation
Technology (CST) [4]. The point at touching two cells has concentrated energy absorption

(~2 -10“33 )s
o while the cluster of transmembrane proteins (membrane rafts) absorbs more than
W
double T m power, which promotes apoptosis by igniting appropriate signal pathways

and gradually heating the entire cell and the tumor.

The thermal processes provide optimal conditions by increasing the reaction rate of the chemical
reactions ignited by the nonthermal effects [46]. Due to its enormously high fixed polarization, the

cell membrane rectifies the periodically changing electric  URIT i ECUGnNOC! t 60U C?RUECI Cr
applied electric power dominantly functions nonthermally [49]. Silico models could approach the
best carrier frequency chosen, 13.56 MHz, in the overlapping region of | and ) frequency dispersion,
[33], using membrane charging, orientation of transmembrane proteins, dipolar mechanisms, and
tumor selection. The chosen modulation was taken from the | | dispersion guiding the
electrochemical effects and active membrane processes, including the excitation of
transmembrane proteins [3] [15], Figure 6(B). The applied modulated RF triggers apoptotic
pathways [53], and the nonthermal antiproliferative membran e effects induce ion fluxes (especially
of Ca2+) and/or resonances causing membrane depolarization [33].

Nonthermal activity makes structural changes that affect the intracellular polymerization of
cytoskeleton filaments [62] [63]. The fluctuations are also essential in the electromagnetic
interaction, showing thermal and electric noise limitation in the TME - connected membrane [64]
[65]. The molecular models concentrate on the membrane effects, showing the thermal and
nonthermal results. The same heat conditions force the same processes in the cytosol ER and
other cellular organelles. The heat - sensitive transient receptor potential vanilloid receptor (TRPV)
also senses the same temperature for action. The mEHT causes the excess ionic concentration [7],
which increases the influx of Ca ?*ions from the ECM to the cytosol. The high iCa2+ promotes
apoptosis in the mitochondria - dependent intrinsic signal pathway [66].
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Figure 6. Nonthermal membrane processes. (A.) The various ion channels are sensitive to
different ignitions, including thermal and non -thermal effects. (B.) The ion gradients and the field
gradient make electrodiffusion, working differently on the various ions (only the most common
ionic exchanges are shown). The membrane controls the ion flows similarly to the transistor
effect. (C.) The membrane rectifies the electric field, working like a diode.

Aremarkable feature is that the thermal and nonthermal  effects have similar electrical mechanisms
with modulation [50], harmonizing the complex interaction phenomena of the electric field. The
nonthermal activity causes structural changes affecting the intracellular polymerization of
filaments [2]. The fluctu ations also have an essential role in the electromagnetic interaction,
showing thermal and electric noise limitation in the TME - connected membrane [64] [65].

4. Phantom Measurements

Various phantom systems were checked for the thermal effect of mEHT. The publications of
phantom research are summarized in Table 2.

Table 2. Phantom measurements in preclinical research.

Material Method Result Conclusion Ref.
3.5°Ct t
. . > emperature The phantom shows high
A hantom (6 kg, 24 x 24 mEHT, @30 cm applicator, increase, absorbed ~24.5 i fbulk heati ith
ar phantom , 24 % efficacy o eating wi
garp & 150 W, 30 min, infrared Wikg, with 74% efficacy, . ¥ . g [67] [68]
% 8.5 cm). satisfactory penetration
thermometry. bulk absorbs in a cone shape, deoth
at the bottom 50%. P
Significant t t The heati lection in th
Egg-white in distilled water, mEHT temperature Egm ican emper-a ure . e, cating sefection m, ¢
o, . ) difference, egg white hasa  distilled water + egg white
cylindrical tank, @10 cm, measurement in water and ] ] . . i [69]
. . ) 5-times increase, which heterogenic arrangement is
height 25 cm. egg white, 75 W, 15 min. . ) )
agrees with the simulation.  proven.
The temperature rises from
The heating effi d th
. mEHT, temperature 23°C to 44°C on the top and ¢ eating efficacy and the
Chopped porcine meat . . reached temperature were
. o measurement in depth by 5  to 40°C at the bottom after 1 . .
(mixed muscle), cylindrical appropriately high, as [69]

tank, @10 cm, height 25cm.

Chopped porcine meat
(mixed muscle), cylindrical
tank, @10 cm, height 31 cm.

cm, 75 W, 1h, @10 cm
applicator.

mEHT, temperature
measurement in depth by 5
cm, 100 W, 1 h, @10 cm
applicator.
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h. The temperature
decreases linearly with the

depth.

The temperature rises from
27°C to 55°C on the top and
45°C on the bottom. There
was a hump of temperature
in 10 cm depth.
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The heating efficacy is high,
and the method could reach
high temperatures.
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Egg white, pork liver, and
red caviar in distilled water.

Chopped pork muscle + fat
meat phantom, 6.6 - 7.2 kg
in ©20 cm and 20 cm high
plastic cylinder. The
impedance of the sample was
23.9+i76.8 Q.

Chopped pork muscle + fat
meat phantom, covered with
paper soaked in saline,
mimicking the patient’s
sweating.

Pocrine ribs with skin,
muscle, and connective
tissue. The liver is placed in
the middle of the phantom,
forming a “sandwich”
arrangement.

Porcine liver using arterial
hepatica to model blood
perfusion.

Multilayer “sandwich”
structure of pork with layers
of skin, adipose tissue,
muscle, liver, and adipose
tissue skin in @20 cm and 20
cm high plastic cylinder.

Spherical model for necrotic
tumor. Outside deionized
water, inside egg white and
0.9% NaCl saline is
embedded in the egg white
to model the necrosis.

mEHT, protein
denaturalization, and
coagulation measurement in
the samples. ©20 cm
applicator.

mEHT 150 W, 1 h (~540 kJ),
thermally isolated setup,
(20 cm applicator.

mEHT 50, 100, 150 W, 1 h,
thermally isolated setup,
(20 cm applicator.

mEHT ©20 cm applicator,
100 W, 15 - 26 min. The
ready phantom was ~10 cm
thick. A metallic implant
(hyp replacement) was also
tried inside the “sandwich”.

mEHT ©20 cm applicator,
100 W, 60 min. 0.03, 0.06,
and 0.32 L/min/kg
perfusions were modeled.

mEHT, ®20 cm applicator,
100 W, 1.5 h.

mEHT, ®20 cm applicator,
100 W, 20 min. The
experiment was done on the
water mattress of the
treatment bed of the
EHY2000+ device.

The liver showed inside
denaturalization, egg white
coagulated, and caviar was
cooked inside, while the

water temperature increased

only ~3°C.

Temperature rises from

22.5°Ct0 38°C (AT~15.5°C)

at the top and 35.5°C
(AT~13°C) at the bottom.

The shape of the temperature

rise changes. The maxima of
AT are2°Cat 500 s, 8°C at

150s, and 15.5°C at 1600 s for

50, 100, and 150 W power,
respectively.

The temperature rises at 26
minutes on the skin, at
16.6°C - 17.3°C, ribs 9.5°C -
14.3°C, liver surface 7.9°C -
8.5°C, and liver inside 6.2°C
- 6.6"C. Metallic implant
9.5°C.

Temperature growth was
~1.2°C by 5 min in all
samples but stabilized at
38.2°C,40.1°C,and 43.2°C
in 0.32, 0.06, and 0.03
L/min/kg perfusion,

resnectivelv.

The maximum temperature
was reached after 65
minutes, at 32.5°C in healthy
and 37°C in tumorous liver.

From 23°C, the maximal
temperatures are 53°C for
egg white, 43.5°C for saline,
34.5°C for deionized water
around, and 28°C for the
treatment bed underneath.

The selection of energy
absorption is proven in these [70]

phantom arrangements.

The temperature growth
shows appropriate conditions [71]
in this model for clinical use.

The patient’s perspiration
robustly raises the surface
temperature in this phantom [71]
model and could reach

thermal toxicity in the skin.

The rise in the temperature of
the liver in the phantom was
enough for clinical
requirements. The skin, [72]
however, would have thermal
toxicity. (No blood

circulation.)

The mEHT method looks
satisfactory for heating tissues
with blood perfusion. [72]
Thermal toxicity in the skin is

less probable.

The mEHT may select
between the phantom

structure’s healthy and
tumorous liver tissues.

The selection was shown with
[73]

this multilayer spherical
model.

The conventional thermal impact is measured with an agar phantom [68]. The phantom had a 6 kg
weight (24 x 24 x 8.5 cm size) treated with 150 W for 30 min, treated with an EHY2000+ device

using a 30 cm diameter applicator Figure 7. The measurement with inf  rared thermography shows

61 HCPPI CCECU- Ai CPi oai C- PECI C- DPCNNU+CCgooCDi oal C- PEC
bulk material. The observed shape of the heat distribution was a truncated cone, and the
temperature was increased AHCONU+$ CROCUs g ECI B61 - CC- 4aCohRO- PR 6 CUI
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Figure 7. The agar phantom measurement. (A.) The temperature distribution is measured by
thermometry. (B.) Linear dependence of the surface temperature from the time.

For more realistic experiments, chopped port meat (a muscle and fat mixture) was placed in a long
cylindrical plastic holder. Three different setups were measured at other times (Figure 8). The
dynamic linear temperature development is clearly shown in all  experiments [69] - [71].

i P- 0Pg0CCGI Ci CECIi ECPgCCPEERCDPI Co0i PPgEZCCIi 61 CURCU®AE
egg white, caviar) were placed in distilled water in the cylindrical holder [74]. A more realistic

phantom was developed with a liver embedded in pork ribs (Fig ure 9 [72]. The temperature

measurement of various phantom parts proved the satisfactory temperature increase. The same

model was used for a larger metallic implant in the treating volume. The inserted hip joint was not

heated extremely, proving the safety of the implants in the targeted volume. The effect of blood

flow was also modeled with this experimental setup, pumping room  -temperature electrolytes into

the arteria hepatica. Without blood perfusion, the temperature changes rapidly, while higher

perfusions moderate the temperature change and reach the thermal balance sooner.

O
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Figure 8. The Cylindric chopped meat phantom experiments. (A.) Meat phantom setup from [69].
(B.) The infrared thermography of the phantom after 40 min treatment. (C.) The various phantom
experiments showed a linear temperature development, in which the sl ope depends on the
setup. The experiment with SAR = 20.5 W/kg was made in a cylinder 31 cm in length and 10 cm in
diameter, and 100 W power (40 min) was used with a 10 cm diameter applicator [70]. The
experiment with SAR = 19.1 W/kg was done in a cylinder 30 cm in length and 10 cm in diameter,
and 75 W (60 min) power was used with a 10 cm diameter applicator [69]. The experiment with
SAR =11.9 W/kg was done in a cylinder 20 cm in length and 20 cm in diameter, and 150 W (60
min) power was used with a 20 cm diameter applicator [71]. The results correspond well with the
in silico simulations [69].
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20 0

2RUECI COSCvbiCapCeéCCRACaAbP- 6DpgoCi hai CRol 6BDCUnNNCS8GSCU
A metallic hip replacement placer in the rib of pork. The most significant temperature of the
R6CI CPIECOID-11RACROAT - 6DC- Wi &mNG b &E0A i 6- BBl UbCERCRd - dyd0
structures with the EHY2000 device. (D.) The temperature rises in the subcutis layer at 20 min
NNNE§SCvbi COaCDCAgOCREIC- Ai i CbioaiC- PECI CROCHPI CCéR6C
nOSnU+SCU4 S Cv bindtembadded liveraf@i 20 iR 100 \@.d'iRe most significant
Ppioai C. pPECIiCR6CPPICIRGgI CC- UDI-0C8mMURSETOI? -SECived C@P6 BPGE!
of the blood perfusion with the liver phantom forcing room  -temperature electrolytes throughth e
arteria hepatica. The measured discrete points (20 - minute intervals) are connected to guide the
eye. The large perfusion case was measured at a higher frequency (1 min intervals) at the start of
the temperature rise, showing a more precise quasi -isotherm al start.

The phantom measurements describe the processes only partly. They have no dynamic feedback.
Primarily, the physiologically regulated blood perfusionis  missing. In the last experiment (Figure 9),
the perfusion was modeled, but no feedback regulation was possible.

5. In Vitro Measurements

Modulated electro - hyperthermia (MEHT) was studied in vitro. The mEHT is a hyperthermia, which

D- CUIi BCCPRCCEI zCC6- PEC-i CiiiAPCRAC- 6ECPPI Co-i1CPIi DI Co
selectively and destroys them [19]. The electric field selects  the tumor, and the low -frequency

amplitude modulation polarizes and excites the transmembrane proteins of the malignant cells

[16]. The dominant absorption of the energy by the microscopic clusters of the membrane rafts
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acts like nanoparticle heating [4]. Exciting the membrane produces various apoptotic signals. The

in vitro experiment had a glass cuvette with distilled water, and the condenser applicators were
tightly attached to the cuvette walls. The investigated cell ~ suspension was placed in a polyethylene
plastic bag and immersed in the water Figure 10. The LabEHY (Oncotherm, Budaors , Hungary)
provided a well - controlled amplitude -modulated radiofrequency (RF) signal with a 13.56 MHz
frequency. The temperature was controlled with specialized thermometers immune to RF radiation.

The experimental conditions are discussed in detail in eve ry referred article.

Computer
(control and data acquisition)

LabEHY'(Oncotherm)

Thermgmeters Condenser applicators

Distilled

suspension water

Treatment applictor
Figure 10. The experimental setup of the in - vitro application.
The in vitro research covers multiple cell lines and various methods to evaluate the results. The
most frequent methods are Western blot, immunohistochemistry, flow cytometry, MTT assay,

TUNEL, and clonogenic assay. The various results are shown in Table 3.

Table 3. In vitro preclinical research.

Tumor cells Method Result Conclusion Ref.

mEHT treated The same treatment was

The mEHT treatment did destroy the
malignant A431 cells, but the healthy
and nonmalignant cells remained

coculture of human  given to the fibroblast
fibroblast and, HCK together with cell variants
and HaCat, with different proliferation
A431cells. forces.

The mEHT treatment is
selective for malignant [75]

A431 cells in vitro.
unchanged. cetls fn witro
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mEHT treated Huh7
and HepG2 cell lines.

mEHT treated
HepG2 cell line.

MCEF7, WiDr and
U87MG cell-lines
treated with mEHT.

CT26 murine
colorectal cancer cell
line treated with
mEHT.

OVCAR-3, SK-OV-3,
HeLa and SNU-17
cells treated with
mEHT.

CT26 murine
colorectal cancer cell

line treated with
mEHT.

Aggressive and
radioresistant 9L rat
gliosarcoma and
MCE-7 and MDCK
cell lines treated with
mEHT.

Pancl, a KRAS and
TP53 mutant,
radioresistant
pancreas ductal
adenocarcinoma
cell line treated with
mEHT.

mEHT (3x), 42°C, 60 min,
Clonogenic analysis,
Western blot, RNA
sequencing.

mEHT 42°C, 30min.
Comparison of cHT and
wHT at 42°C. Measured
with Annexin V positive
cells, SubG1 ratio, Western
blot.

mEHT 42°C, 30 min. cHT
and wHT at 42°C. Measured
with Annexin V positive
cells.

mEHT 42°C, 30 min, 8- 9
W comparison with wHT
same temperature and time.
Annexin V/PL flow
cytometry, Western blot,
ELISA

Apoptotic markers such as
cleaved are measured. FACS
and Western Blot were used.

mEHT 42°C, 30 min, 8 - 9
W reacted injected DC.
MHCIIL, CD80, and CD11c¢
DC surface markers are
measured with FACS
analysis for matured and
immature DC cells.

treated 9L cell line combined proliferation arrested cancerous MCE-7,

with megavolt radiation:
propidium iodide staining,
10 MV, 5 Gy.

mEHT 20 - 25 W 5min
until 42°C, keep with 7 - 8
W for 60 min. Cell
viability, apoptosis by
Annexin V/PI,
immunohistochemistry,
flow cytometry, clonogenic
assay, and Western blot
were applied.
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Significant apoptosis by an increase of
tumor suppressor SEPT4 with the

restoration of p21.

mEHT had significantly higher

apoptosis than other methods. wHT

produced a high apoptotic rate as
mEHT (42°C) at 45.5°C. mEHT

significantly increased the caspase 3, 8,

9, and the extracellular HSP70.
Calreticulin and E-cadherin also
increased by mEHT.

The apoptotic rate was significantly
higher than wHT and cHT at the same

42°C temperature

Significantly higher apoptosis with

mEHT than in wHT at the same

temperature. HSP70 was released from
the cells. mEHT induced a greater HSP

response than wHT did.

Significant apoptosis was measured in
all cell lines. p-P38, c-Cas-3, and PARP

were increased.

mEHT changed the DC surface markers
in both the matured and unmatured

cells. The fluorescent intensity of

MHSII and CD80 was significantly
higher in mature DC than in immature

counterparts.

mEHT selectively attacked the L9 cells,
Clonogenic assay for mEHT but those were shortly repaired. The

but the non-cancerous MDCK

remained unchanged. mEHT and the
RT synergetically induced cell death,

reducing normalized survival.

mEHT made significant apoptosis;

mono and combined treatments

affected the tumor progenitor/stem
cell populations. Accumulation of
yH2AX indicates DNA double-strand

breaks and upregulation of the

cyclin-dependent kinase inhibitor

pzlwafl_
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Tumor suppressor SEPT4
mediates the massive [76]

apoptosis in HCC cells.

mEHT causes significantly
higher apoptosis than
other methods by the
selective energy deposit.

[77]

The heterogeneous mEHT
is superior to _
. [77]
homogeneous heating
intentions.

mEHT is a significantly
better apoptosis inducer (78]
than homogeneous wHT

heating.

mEHT treatment is
sufficient for the
[79]

degradation of tumor cell
lines.

mEHT changes the DC
surface markers in both
DC states but is
significantly higher in

(78]

mature states.

Combining mEHT with
megavolt irradiation could
80]

cause cell death for the
radioresistant L9 cells.

mEHT treatment can
contribute to tumor

growth inhibition and (1]
apoptosis induction and
resolve radioresistance of
Pancl cells.



Pancl and Capanl
cell line, ALDH+
cancer stem cell
(CSC) fraction.

HT29 and SW480
human colon
cancer cell lines
were treated with
mEHT.

CT26 mice
colorectal cancer
cell line + reservatol
(Res) and nanosized
curcumin (Cur)
combined with
mEHT.

C26 mouse
colorectal cancer
cell line +
doxorubicin (Dox)
treated by mEHT.

Mouse colorectal
adenocarcinoma
C26 Double tumor
where only one is
treated with mEHT.

A549 cell line
treated with mEHT.

U87-MG and A172
cells treated by
mEHT.

U937 cell line treated
with mEHT.

mEHT 60 min + 2 Gy
radiation (137 Cs source)
(RT), Annexin V/7-AAD
staining,
immunohistochemistry
and flow cytometry were
applied.

mEHT and wHT are
compared with
proliferation and
clonogenicity.

mEHT and wHT
comparison, 42C 30 min,
10-12 W, Annexin
V-EITC, Western blot,
Immunofluorescent
analysis FACS.

mEHT 42°C, 60 min (2x),
1 umol/L Dox.
immunohistochemistry
and qPCR, as well as
time-course follow-up,
were applied.

mEHT 42°C, 30 min (2x)
and 60 min (2x). Measured
cellular morphology,
apoptosis,
immunochemistry,
Western blot, flow
cytometry.

mEHT and wHT
comparison in heating
phases (25°C+37°C, 37°C
-42°C) and in thermal
equilibrium (42°C 30 min,
60 min) The power pulsing
was also studied.

mEHT (42°C, 60 min) three
times every 2nd day tested
for growth inhibition using
MTT colorimetric, FACS,
and microscopic analysis.

mEHT, 42°C, 30 min. Flow
cytometry, Western blot,
microarray gene expression,

comparison with wHT, gene
map, [PA.
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mEHT + RT combined therapy caused The leading factor of

significantly more apoptotic cell death

in both cell lines than the single

modalities alone. The CSC fraction

was reduced by mEHT involvement,

but RT did not change it.

mEHT significantly reduced the
proliferation and clonogenicity in
both cell lines compared to wHT.

Cell viability decreased by Res and
Cur. Cell-cycle arrest by Res + Cur,
Apoptosis, and immunogenic cell

death were detected, and CRT

development was significantly higher
when mEHT was combined with Cur

+ Res.

mEHT with Dox made significant

CRT and HSP70 development,

reduced antiapoptotic and increased
proapoptotic molecules with p21*+!.

Significant cell damage compared to
the untreated tumor, significant CRT
and HSP70 development, inactivation
of pRAF, and activation of pERK1/2.

It is proven that mEHT produces a
significantly higher apoptosis rate
than wHT. The main apoptotic phase
is connected to the heating process’s

growing temperature (dT/dt).

The growth inhibitory effects were
observed. The colony formation was
significantly suppressed, and apoptosis
was induced in both cell lines. Gene

expression of RNA 34 commonly
deregulated genes is identified.

Different heat treatments have various
responses. mEHT induced significant
apoptotic cell death, while wHT had
significantly less. mEHT upregulates a
whole cluster of genes. The Fas, c-Jun
N-terminal kinases (JNK), and ERK
signaling pathways were dominant to
induce apoptotic cell death in mEHT,
whereas the cell-protective mechanisms
dominated in the case of conventional

heating.
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mEHT application alone
or combined is the
induction of yH2AX and
significant reduction of
CSC.

[81]

mEHT creates significant
nonthermal effects in [61]

addition to the thermal.

The complementary

treatment of mEHT with

Cur and Res shows

- . [82]
promising potential for
clinical applications

against malignancies.

mEHT activates both
caspase-dependent
apoptosis and
p21**'_mediated growth
arrest pathways by the

[83]

p53 protein.

mEHT causes significant
apoptosis and DAMPs,
s0 it can potentially [84]
induce immunogenic cell

death.

The time derivative of
temperature is the
primary addition to
apoptosis with mEHT. It
may be used for the
pulsed strategy of the
mEHT treatment.

mEHT induced the
inhibition of cell

proliferation and (86]
clonogenicity, as well as
significantly promoting

apoptosis.

We measured the different
responses of wHT and
mEHT heating. mEHT (7]
activates death-related
signal pathways, which
wHT does not.



U937 cell line treated

with mEHT.

HepG2, A549,
US7MG, and CT26
cell lines and
liposomal Dox
uptake were treated
with mEHT.

HepG2 and various
shapes and sizes of
gold nanoparticles
were treated with

mEHT.

HT29, SW480,

SW620, LoVo, and

HCT116 cell lines

treated with mEHT.

mEHT for 4T1 and
4T07 cell lines.

SCCVII and SAS cell

lines.

A549 and
NCI-H1299 lung
cancer cell lines.

Compare mEHT to wHT in
39°C - 46°C interval for
apoptosis, measured by flow
cytometry Annexin V/PL

mEHT 42°C, 30 min, 10 - 12
W (3x). Flow cytometry and
immunofluorescence
measured the Dox release.
Substrate assay and Westre
blot were used for the study.

mEHT 15 W, 10 min.
Sphere-like, urchin-like, and
rod-like gold nanoparticles.
Measured relative cell
viability and apoptosis rate.

Modulated (mEHT) and
unmodulated (EHT)
treatments were compared.
Mechanical, thermal, and
electric parameters were
measured. A comparison
with wHT was also done.

mEHT 42°C, 30min
temperature rise is
2.3°C/min. Histopathology,
RT-PCR, mass
spectrometry, and
nanostring analysis were
done.

Comparison of mEHT and
wHT in combination with
RT. Flow cytometry,
clonogenic assay, survival
time.

Measurement of
radiosensitivity change by
addition of mEHT to RT.

The apoptotic rate for mEHT at 40°C
was similar to that of wHT at 44°C.
However, the high difference remained
for 41°C at mEHT measurements.

mEHT alone suppressed cell viability,
and together with liposomal Dox, its
drop was significant. The drug release
was the highest, with mEHT 42°C.
Uptake of Dox with mEHT was higher
than with wHT.

The mEHT effect was suppressed by the
addition of gold nanoparticles. The heat
generation with gold nanoparticles was
negligible.

Temperature was significantly higher in

wHT than in mEHT and EHT, but the
apoptosis was substantially higher in
mEHT and EHT. The Young moduli
differences at 41°C could vary the
resonance frequencies.

One of the most upregulated
genes/proteins was the mouse C4
complement C4b. C4b mRNA was
measurable by gPCR from in vitro 4T1
cell culture.

Apoptosis and autophagy are
significantly increased with combined
RT + mEHT treatment and the thermal
component increases the effect.

Measured aand fvalues of the
linear-quadratic equations of cell
survival curves show more than
doubling the sensitivity.

The mEHT makes the
apoptotic rate equivalent
to wHT at 4*: lower
temperature, assuming [88]
that the membrane rafts

have such an exceptionally

high temperature.

The mEHT-induced

particle uptake was by
macropinocytosis. Dox +
mEHT arrests the

I (89]
proliferation.
mEHT-enhanced uptake
of Dox may amplify the

therapeutic effect.

The nanoparticle addition
worsens the cell-killing.
The incoming energy is [90]
shared between the
membrane rafts and

nanoparticles.

Resonance frequencies can
be approximated from
electricity data (Young

. ) [53]
moduli), showing
agreement with the
treatment data.

mEHT treatment in
monotherapy induced a
significant upregulation of
C4b mRNA 2 h after
treatment. HSP70 and C4b
relative expressions are

[91]

proportional to each other.

The increased apoptosis
and survival time indicate
[92]

the excellence of the
mEHT + RT treatment.

The mEHT addition to RT
significantly increases the [93]

cell sensitivity to radiation.
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The cellular selection was shown in coculture experiments, [75] [94]. Co - culture with normal human

skin fibroblasts as a model of a squamous carcinoma growing within connective tissue cells

UnNNSNNNt i 0CGIi Ci Ci hasCi ECPg Co 4 Dedéabddstaidd Aithdystall Ug CCNn C
violet. The healthy human keratinocytes (HCK) were unaffected by the mEHT treatment, while the

highly proliferating but non - malignant (HaCat ) cells had a low distortion rate among the unaffected

healthy fibroblasts, and the aggressively malignant A431 cells in the co -culture with healthy

fibroblasts show a highly selective distortion of malignant cells, while the fibroblasts were not hurt

Figure 11.

2RUECI CnnSCO0i 086CDC- PRe6CogUCHDPI CAi i1 EiI - CCCultird ADRo 6 Co
of human fibroblasts and healthy, proliferating but not tumor genetic and aggressively malignant
keratinocytes compared to the untreated control.

The thermal effects could be calibrated by in vitro experiments. The reference calibration uses the

U937 human lymphoma cell line [87] [88], and the HT29 and A431 [13] cell lines. The effect has given

a possibility to make a reference calibration of mEHT ¢ ompared to wHT on HepG2 cells shown at
onU+CcUOO0GSCGPRI T CR6CHDPI CzOROCAT 11 CiR6ICUBOUSCRDCCP GG
U?RUECI ChnNOSCEDPCRCCCEaapgCi ECDP- DCHDbPI CERUUI Cil 6AI CROER A
PP CvX4SCvbhiCU - R6CoUCPEOGCCEI CBDCEADRGOC:- BCnNU+CRCCOCN
apoptosis targeting the rafts, they have a higher tempe rature than the average medium indicates,

and the temperature of the selected cells (T cai) is well over the average (T cei >>Tmenr ).
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