Pre prints.org

Review Not peer-reviewed version

Combined Radiations: Biological Effects
of Mixed Exposures Across the
Radiation Spectrum

Orfeas Parousis-Paraskevas , Angeliki Gkikoudi , Amer Al-Qaaod , Spyridon N. Vasilopoulos , Gina Manda,

Christina Beinke , Siamak Haghdoost , Georgia |. Terzoudi, Faton Krasniqi, Alexandros G. Georgakilas i

Posted Date: 25 June 2025
doi: 10.20944/preprints202506.2020.v1

Keywords: mixed radiation fields; ionizing radiation; non-ionizing radiation; DNA damage; combined
irradiation; simultaneous irradiation; synergistic effects; radiation protection

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4690506
https://sciprofiles.com/profile/3268307
https://sciprofiles.com/profile/4348856
https://sciprofiles.com/profile/3314548
https://sciprofiles.com/profile/97420
https://sciprofiles.com/profile/4231823
https://sciprofiles.com/profile/2758180
https://sciprofiles.com/profile/738451
https://sciprofiles.com/profile/93023

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 June 2025 d0i:10.20944/preprints202506.2020.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Combined Radiations: Biological Effects of Mixed
Exposures Across the Radiation Spectrum

Orfeas Parousis-Paraskevas *, Angeliki Gkikoudi 2t, Amer Al-Qaaod 3,
Spyridon N. Vasilopoulos !, Gina Manda ¢, Christina Beinke %, Siamak Haghdoost ¢,
Georgia I. Terzoudi ?, Faton Krasniqi ? and Alexandros G. Georgakilas *

! DNA Damage Laboratory, Physics Department, School of Applied Mathematical and Physical Sciences,
National Technical University of Athens (NTUA), Zografou Campus, 15780 Athens, Greece;
gel7035@mail.ntua.gr (O.P.-P.); angelikigkikoudi@mail.ntua.gr (A.G.); svasilopoulos@mail.ntua.gr (S.N.V.)

2 Laboratory of Health Physics, Radiobiology & Cytogenetics, Institute of Nuclear & Radiological Sciences &
Technology, Energy & Safety, National Centre for Scientific Research “Demokritos”, 15341 Agia Paraskevi,
Greece; gterzoudi@rrp.demokritos.gr (G.I.T.)

3 Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, Germany; amer.al-
qaaod.ext@ptb.de (A.A.-Q.); faton.krasniqi@ptb.de (F.K.)

4 Radiobiology Laboratory, “Victor Babes,” National Institute of Pathology, 99-101 Splaiul Independentei,
050096 Bucharest, Romania; gina.manda@ivb.ro (G.M.)

5 Bundeswehr Institute of Radiobiology, University of Ulm, Neuherbergstrafe 11, 80937 Munich, Germany;
christinabeinke@bundeswehr.org

¢ ABTE/ToxEMAC Laboratory, University of Caen Normandy, F-14050 Caen, France;
siamak.haghdoost@unicaen.fr (5.H.)

* Correspondence: alexg@mail.ntua.gr; Tel.: +30-210-7724453

t Equal contribution.

Abstract

The growing use of mixed radiation exposures in medicine, space exploration, and environmental
contexts has emphasized the need to understand their biological effects. This review compiles and
analyzes findings from over 170 studies examining combinations of ionizing and non-ionizing
radiation types, including ultraviolet light, X-rays, gamma rays, alpha and beta particles, protons,
neutrons, and heavy ions. Through a structured literature survey, we organized studies into three
main domains: radiobiological, therapeutic, and space radiation. Results reveal frequent additive
and/or synergistic interactions—especially when radiation types are applied sequentially within
short intervals—that affect DNA repair kinetics, cell survival, and gene expression. The degree of
synergy often depends on dose, exposure sequence, and the involvement of specific repair pathways.
Therapeutic combinations, such as carbon ion-proton therapy or radiotherapy—photodynamic
treatment, show enhanced efficacy and tolerability in preclinical and clinical settings. In contrast,
space and environmental studies illustrate the complexity of mixed-radiation effects, including
immune suppression and persistent DNA damage. This review provides a consolidated reference
framework for the diverse and evolving field of combined radiations, emphasizing the need for
mechanistic studies and standardized protocols to guide safe and effective implementation across
applications, such as radiation protection, therapy, and space mission planning.

Keywords: mixed radiation fields; ionizing radiation; non-ionizing radiation, DNA damage;
combined irradiation; simultaneous irradiation; synergistic effects; radiation protection

1. Introduction

Different types of radiation can be combined in various contexts, whether therapeutic or
experimental; they may be applied to biological or non-biological targets, simultaneously or
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sequentially, with intervals between irradiations ranging from minutes to weeks. The dose of each
combined radiation type is another important factor, as are other dosimetric features of a given
experimental configuration. For biological targets, a number of endpoints (specific measurable
biological outcomes) can be utilized to determine the induced effects, the specification of which is
typically the main aim of most related research articles. “Combining different radiation types” thus
constitutes a broad set of practices, involving a variety of methods developed and applied for distinct
purposes.

Yet despite this diversity, no comprehensive review has systematically assembled the relevant
literature according to clearly defined criteria for combined radiation exposures to date. In many
respects, this review pursues a rather ambitious aim: to create a concise map of the published studies
on the radiobiological and therapeutic utilization of combined radiation exposures, discussing and
analyzing the qualitative and quantitative characteristics of this highly promising, long-standing set
of practices. It aims to provide a succinct depiction of the diverse processes and outcomes that define
the use of mixed irradiation in biological systems, reflecting our current scientific understanding of
this multifaceted field.

2. Methodology

The challenges impeding an instantaneous compilation of all relevant publications required for
such an extensive review arise from a range of factors, including the dispersion of publications across
a wide variety of databases, shifting terminology and evolving epistemological frameworks. The
selection criteria applied during the literature review are presented here to clarify the rationale
behind the inclusion of each study in the compiled database. First, we determined which types of
combined radiations to include —specifically, which wavelength and/or energy ranges were relevant.
Our focus aligned with conventional and space radiobiology, as well as several combined therapeutic
modalities. Consequently, other forms of mixed exposure, such as environmental exposure to
extremely low-frequency electromagnetic fields (ELF-EMF) or microwave radiation in combination
with other types, were intentionally excluded from this review. Similarly, combinations involving
radiation and non-radiation agents, such as chemicals or microgravity, were also excluded, as they
fall outside the scope of radiation-radiation interactions. In rare cases where non-radiation factors
were present (e.g., the NASA Twins Study), the inclusion of those publications was primarily justified
by their focused investigation of combined radiation exposures, with any additional variables
considered secondary. Regarding the combinatorial nature of the exposures, studies involving the
sequential application of radiations with time intervals longer than those typically defining
combinatorial exposure (e.g., >24 h) were mostly excluded.

The radiation types included in the search were near-infrared (NIR), visible (VIS), ultraviolet
(UV), X-rays, gamma rays (Y), alpha radiation (a), beta radiation (f3), protons (p), neutrons (n), and
heavy ions. In addition, space-relevant mixed fields—such as high atomic number and energy (HZE)
particles and simulated ion beam combinations (e.g., 5-ion or 33-ion beams)—were incorporated to
reflect realistic space radiation exposures. Therapeutic modalities considered included conventional
radiotherapy (RT), intensity-modulated radiation therapy (IMRT), boron neutron-capture therapy
(BNCT), carbon ion radiation therapy (CIRT), radionuclides therapy (RNT), proton therapy (PT),
photodynamic therapy (PDT), photothermal therapy (PTT), near-infrared photoimmunotherapy
(NIR-PIT), helium ion radiation therapy (HIRT), electron beam radiation therapy (EBRT), fast
neutron therapy (FNT), megavoltage X-ray therapy (megavoltage XRT), and californium-252 neutron
therapy (Cf-252 NT).

The methodological approach for the literature review involved several phases. Initially,
databases and search engines—such as PubMed, Google Scholar, Semantic Scholar, bioRxiv, and
Europe PMC—were searched manually using combinations of keywords, Boolean operators, and
filters, covering publications available up to June 20, 2025. Titles were extracted and categorized
based on radiation combinations. The “related articles” or “related results” features were also used
to locate additional relevant publications. In categories that initially included only one or very few

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2020.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 June 2025 d0i:10.20944/preprints202506.2020.v1

3 of 59

studies, targeted searches were conducted to retrieve further publications, aiming to achieve a more
representative sample for each radiation combination. Despite these efforts, some combinations
remain represented by a single study; however, their inclusion was preferred over omitting a
radiation combination entirely from the review.

A master table was created, consisting of columns detailing the combined radiation types, doses,
biological systems, biological endpoints, and effects recorded for each study. Abstracts and relevant
sections of the selected publications were reviewed to extract key data, which were organized into
structured entries corresponding to the table’s columns.

In the final phase, the master table was split into separate tables, each corresponding to a specific
combination of radiation types as studied across the selected publications. Rows were redistributed
accordingly and reviewed manually. No specific order —chronological or otherwise —was applied to
either the newly created tables or their rows. The tables were then regrouped into three overarching
categories: “Radiobiological Studies” (with the sub-categories Non-lonizing—lonizing, Non-lonizing—
Non-Ionizing, and lonizing—lonizing), “Therapeutic Studies,” and “Space Radiation Studies”. This
regrouping resulted in five new tables, which were inserted into the manuscript. Subsequently, the
finalized dataset underwent analysis, processing, and discussion.

3. Results

Over 170 studies were retrieved and reviewed. The compiled data spanned a wide spectrum of
exposures, including combinations of ionizing and non-ionizing radiation, as well as high- and low-
LET (Linear Energy Transfer) modalities. In this review, synergy refers specifically to biological effects
that exceed additive expectations based on responses to individual radiation types. These include
outcomes such as increased chromosomal aberrations, reduced cell survival, or gene expression
changes that cannot be explained by a simple summation of single-exposure effects. Quantitatively,
synergy was inferred when the combined effect was statistically greater than the predicted additive
response, or when modeled interaction terms (e.g., interaction index > 1) indicated non-linear
enhancement. Studies showing that the effect of combined exposure depended on irradiation order
or specific DNA repair pathways were also considered synergistic, provided the damage exceeded
what would be expected from the individual exposures alone. The following tables summarize key
findings across the reviewed studies, organized by radiation type and dose, biological systems,
endpoints and observed effects. These are presented first, followed by detailed commentary on the
results.

Table 1. Radiobiological Studies on Combinations of Non-Ionizing and Ionizing Radiation.

Type & Dose Biological systems Biological endpoints Effects Ref.!

* No synergistic effect
observed
* Dicentric yields from

combined exposures matched
X-rays: 150 rad;

UV-C (254 nm): 70 erg/mm? ~ PHA-stimulated human
irradiations 2-6 h post-PHA  lymphocytes (G; stage)

Dicentric and chromatid- X-rays alone

type chromosome ¢ UV induced only [1]
. . aberrations (first mitosis) chromatid-type aberrations
stimulation
* Suggests G; cells possess
enhanced repair capacity
preventing UV-X-ray
interaction

¢ ~2-fold synergistic 1 in
X-rays (260 kV): 125-200 rad;
UV-C (253.7 nm): 40-100
erg/mm?; exposures <30 sec

dicentrics vs. X-rays alone
Human peripheral blood Dicentric chromosome . y

. i . ] Synergy consistent across
lymphocytes (unstimulated, formation (cytogenetic [2]
Gy stage analysis
apart 0 stage) ysis) * Suggests interaction

UV doses and exposure order

between X-ray-induced breaks
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and UV-mediated repair
inhibition or lesion overlap

UV-C (254 nm): up to 1000
ergs/mm?
X-rays (50 kVp): up to ~10
krads/min

E. coli K-12 wild-type; DNA
repair mutants (uvrA, uvrB,
uvrC,

recA, recB, recC, exrA, polA)

Cell survival; DNA single-
strand break repair (alkaline
sucrose gradients)

* 1 X-ray sensitivity after UV
pretreatment (wild-type and
uvr mutants)

¢ UV inhibits Type III repair
of X-ray-induced DNA SSBs

* No synergism in recA, recB,
recC, exrA mutants

Near-UV (365 nm): up to 2.5
106 J/m3;

X-rays (250 kVp): up to 19.6
krad (2 krad/min);

UV administered ~3-5 min
before X-rays

E. coli K12 strains (wild-type
W3110,

polA mutant P3478,

recA recB mutant SR111)

Clonogenic survival; single-
strand break rejoining
(alkaline sucrose gradients);
DNA degradation (TCA-
insoluble material)

¢ Pre-treatment with 365 nm
UV enhanced X-ray lethality
(up to 3.4x slope 1 in survival
curves)

* Synergism absent in recA
recB mutants

* 365 nm inhibited type Il and
III DNA repair

¢ Full-medium incubation

(4]

partially restored repair in
wild-type and recA recB but
not in polA

UV-C (254 nm): up to 960
ergs/mm?

X-rays (150 kVp):

up to 40 krads

E. coli B/r and Bs-1 strains;
5-BU substituted DNA and
purine-starved cells

Cell survival; UV-X-ray
synergism; repair inhibition
by 5-BU and purine
starvation

* 1 X-ray sensitivity after UV
pretreatment in B/r (up to 3x)
* No synergism in 5-BU
substituted or purine-starved
cells

* UV and 5-BU inhibit X-ray
repair

* No effect in Bs-1 cells

UV-C (254 nm): 65-95 erg/mm?;
X-rays (260 kVp): 150 rad;
exposures given in sequence
with <30 sec interval

Human peripheral blood
leukocytes from healthy
donors; human peripheral
blood leukocytes from
Down's syndrome patients

Chromosome aberrations
(dicentrics); DNA repair
synthesis ([3H]thymidine
incorporation); synergistic

aberration induction

e 1 Dicentrics after combined
UV + X-rays vs X-rays alone
(2x in controls, 27% in Down's
syndrome)

¢ | UV-induced DNA repair
synthesis in Down's
syndrome cells, synergism
suggests shared repair
pathways

X-rays (260 kVp, 0.5 Gy/min):
1.5 Gy;

UV-C (254 nm): 6 J/m?;
timing between irradiations
varied from <30 sec to 90 min

Human peripheral blood

lymphocytes in Gy phase;
cultured and analyzed for
chromosomal aberrations

Yield of dicentric

chromosomes per cell; timing

dependence of synergistic
chromosome aberration
induction

¢ UV followed by X-rays
produced a stable 2-fold 1 in
dicentrics across all timing
intervals

e X-rays followed by UV
showed decreasing synergistic
effect with ~20 min half-life

¢ Indicates short-lived DNA
lesions responsible for early

(7]

chromosome exchange events

UV-C (254 nm): 1-120 J/m?;
X-rays (100 kVp): 6.7-26.6 krad
or alpha particles (4.5 MeV,
LET 140-180 keV/um):

4-48 krad

Diploid Saccharomyces
cerevisiae strains (wild-type,
rad2 mutant, rad9 mutant)

Colony-forming ability;
survival curves; synergism

* 1 Synergistic loss of colony-
forming ability when X-rays

recede UV
P [8]

analysis (shoulder reduction, ® Reduced UV survival

slope changes)

shoulder, altered slopes
depending on repair genotype
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* Synergism absent or
reduced in rad2 and rad9

mutants

X-rays (50 kVp): up to 8000
rads;
UV-C (254 nm): up to 1620

erg/mm?

HelLa cells
(G1 phase)

Premature chromosome
condensation (PCC);
chromosome fragmentation,
unscheduled DNA synthesis

e 1 Chromosome
fragmentation with X-rays
(linear with dose), no DNA
synthesis 9]
* UV causes elongation to “S-

like” PCC and 1 unscheduled

DNA synthesis, no

fragmentation

Gamma rays: 90 krad;
UV-C (254 nm): 170 J/m?

Schizosaccharomyces pombe

Inactivation (colony
survival); recovery kinetics;

e Strong synergistic
interaction in wild-type cells
¢ Survival dropped >100x
beyond additive prediction
* No synergism in

ild-type 972h-) and rad1 10
exposures sequential, (Wlt tYP ¢ Jandra involvement of recombinational repair- [10]
mutan
no delay recombinational repair deficient radl mutant
* Recovery kinetics depend
on second radiation type, not
first
* Synergistic killing effect
with UV pre-treatment (3.5
Gamma rays: 0.1-0.3 Mrad; . . .
) L Survival/colony-forming increased gamma ray
UV-C (253.7 nm): 270-810 J/m?; Micrococcus radiophilus . o [11]
<5 mi " ability sensitivity)
exposures <5 min apar
P P * Additive effect with gamma
pre-treatment
* Mutant AF-UVy2500
. . . showed ~2x higher surfactin
Wild-type and mutant Hemolytic activity, ield (1.62 g/L vs. 0.85 g/L)
ie . vs. 0.
Gamma rays: 200—-600 krad; Bacillus velezensis strains from emulsification index, oil }: St & i ) gt' it
ronger antifungal activity,
UV-C (254 nm): 140-560 J/m?;  soil and oil samples; screened spreading, antifungal zone 3 isof & bund & y [12]
isoform abundance
exposures <2 min apart for surfactin production and diameter, MALDI-TOF for . .
. . o ¢ Combined mutagenesis
antifungal activity surfactin isoforms . .
more effective than single-
agent treatment
* Synergism observed
Electron beam (32 MeV): 21-28 ¢ Inhibited by 3 h liquid
krad; . Survival/colony-forming holding between irradiations
E. coli B/r . [13]
UV-C (254 nm): 450 erg/mm?; ability regardless of order
exposures <2 min apart ¢ Attributed to excision repair
activity
* Strong synergistic effect
between 32P decay and UV
d
Beta particles (2P, internal): amag ¢ .
L * Reciprocity observed
time-integrated decay (up to 25 - .
/mg P) Inactivation (colony-forming (UV—32P and 3?2P—UV)
mc/m ; . . . s L .
UV- C{3254 nm): 120-530 Salmonella typhimurium strain a?lllty); .synergy quantified e Synergy c.ahnfmated by . 14]
LM2 via survival slopes and photoreactivation, suggesting
erg/mm?;

exposures sequential with
varied timing and order

modeling

interaction between nonlethal
DNA lesions (e.g., thymine
dimers and p3?-induced
strand breaks) within ~25
nucleotide pairs
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UV-C (254 nm): 150 ergs/mm?;

E. coli B/r (wild-type, log- Survival (loss of

* UV pre-exposure sensitized
cells to protons

* Survival curve slope
increased 1.5-1.7x

Protons (LET 20 keV/um): ) , * Synergy not observed when  [15]
phase) reproductive capacity) ] )
8-40 krads reverse order applied or with
other radiation types
* Suggests repair system
involvement
* NIR pretreatment delayed
repair of X-ray—-induced DSBs
NIR (600-1400 nm, non- ¢ Protected fibroblasts from
thermal): 360 kJ/m? (30 min); apoptosis
X-rays (90 kV, 5.23 Gy/min): 14 . . DNA double-strand breaks « Counteracted X-ray—
Gv: Human full-thickness skin ~ (53BP1, YH2AX); cell . . .
y; ) ] ] ) induced proliferation
sequential exposure with NIR n'lodel (primary derr?al prohfere?hon (BrdU, Ki-67); inhibition in keratinocytes (16]
pretreatment 30 min before X- fibroblasts and keratinocytes) apoptosis (TUNEL); « No morphological
rays; temperature-controlled morphology (H&E) disruption observed
setup ¢ Photobiomodulation
modulated radiation stress
response
* No synergistic toxicity
¢ Laser pretreatment 1
H full-thickn ki leukocyt ts, antioxidant
Gamma rays: 1-3 Gy; uman full-thickness skin . . (RBC, WBC, eukocyte Cf)u.n s, antioxidan
model o enzyme activity, and
low-intensity laser (670 nm): . . LYM); enzyme activity (SOD, . [17]
3106 R (primary dermal fibroblasts talase): blood p oxygenation
5.3-10.6 J/em and keratinocytes) catalase); blood oxygenation Evidence of radioprotective
effects from laser pre-
irradiation
I Reference.
Table 2. Radiobiological Studies on Combinations of Non-Ionizing and Non-Ionizing Radiation.
Type & Dose Biological systems Biological endpoints Effects Ref.
* Strong synergistic
inactivation effect (~100x more
than UV-B alone)
UV-A (365 nm): 49 W/m? * Synergy traced to
- nm): m?; . N o .
) . Photoinactivation (colony  thiouridine (s*U) in tRNA
UV-B (311 nm): 8 W/m2; E. coli MG1655 (wild-type R . . .
. . survival); genetic basis of absorbing UV-A and [18]
simultaneous exposure for 6-8 and mutant strains) . . . .
h/d UV-A-UV-B synergy impairing protein synthesis,
a
¥ reducing DNA repair
* Mutants with thil gene
alterations lost synergy,
confirming mechanistic link
¢ Simultaneous UV-A+UV-C
caused synergistic bactericidal
effect (log survival -3.3) vs.
UV-A (365 nm): 700 W/m?; _y . DNA damage (CPDs, 8- additive effects of single/seq.
UV-C (254 nm): 0.7 W/m?; Vibrio parahacmolyticus WT OHJAG); colony-formin exposure (-2.1)
o ! and recA/lexA mutants; ’ y 5 P ) [19]

simultaneous irradiation for 6
min in 96-well plate format

cultures in LB broth assay (log survn./al); S0S
response analysis

¢ CPD repair suppressed

¢ Synergy absent in SOS-
deficient mutants, implicating
RecA/LexA-dependent repair
in survival
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UV-B (280-315 nm): 1080-3600

* Combination had strongest
pathogen suppression and

J/m2; Sclerotinia sclerotiorum; Disease suppression, plant teld/quality | ; [20]
ie ity improvemen
UV-C (100-280 nm): 280-930  tomato plants health, gene expression < o AUy imp ,
* 1 defense gene expression
J/m? L
and antioxidants
* Marked synergistic effects
across wavelengths
UV-B (290-320 nm): .
. . . . * Combined exposure —
physiologic; UV-A (320400 Photoaging biomarkers . .
. Ny . responses distinct from single
nm): physiologic; Visible light . . (MMP-1, collagen X
(400-740 ): physiologic Human skin cells and tissue expression), gene expressio or sequential exposures
—740 nm): i ic; . . xpression), gene expression
: PHysIoiog (keratinocytes, fibroblasts, . P oo o BENE EXP e Enhanced MMP-1, ROS, [21]
Near-infrared (IRA, 770-1400 . (MAPK signaling), . . .
. o full skin models) . ’ o angiogenesis, pigmentation
nm): physiologic; simultaneous pigmentation, oxidative
® Molecular cross-talk shown
full-spectrum exposure stress
between UV-B, UV-A, IRA
pathways affecting MAPK
signaling and DNA repair
e Strong synergistic effect:
combined UV-A + UV-B
caused 100% mortality by day
21
UV-A (379.68 :~11.65
W/ (2 uv 1;23)5 22 nm) Asexual reproduction * No budding, total loss of
cm?; UV- 22 nm): . .
5 . . (budding rate), polyp attachment and feeding
~8.65 uW/cm?; Scyphozoan jellyfish polyps )
6 h/d ; 027 (Aureli ) detachment, survival, e UV-B alone reduced [22]
ay exposure for up to urelia sp.
d y exp P P qualitative health (tentacle reproduction and health
ays
4 retraction, feeding) e UV-A alone had minimal
impact
* Combined exposure
drastically worsened all
outcomes
* Strong synergistic
inactivation in wild type (up
to 5.7 logso reduction with
UV-C after UV-A)
UV-A (365 : 600-1200
I 5 UVH?)(268 }:2.5-20 Inactivation (CFU assay), e Effect absent in Thil mutant
m]J/cm? UV- nm): 2.5— ) . .
. E. coli K12 MG1655 (wild growth delay (OD600), lacking s*U tRNA
m]J/cm?; sequential exposure . ] T . [23]
i . . type) and SP11 (Thil mutant) single-cell division time, modification
with UV-A first, intervals 0-24 {RNA photod s linked to UV-A
otodamage nergy linked to UV-A-
h; LED-based setup P 8 . ynersy .
induced translational arrest
via tRNA damage
e Effect persists up to 24 h
post UV-A
* No synergistic effect
b df bined
UV-LEDs (267 nm, 275 nm, 310 observed for combine
nm): 0.384 mW/cm?; combined wavelengths
o ! Inactivation efficiency (log ¢ 267 nm UV-LED had
exposures (267/275, 267/310, ) . . . . . . ..
275/310 nm) matched f E. coli (strain CGMCC 1.3373) reduction), photoreactivation highest inactivation efficiency [24]
nm) matched for
. . in water suspension and dark repair, electrical * 275 nm showed strongest
irradiance; fluences of 8.78— H st 4 Hvati
ner nsumption r an reactivation,
23.04 mJ/cm? for 3-4 log energy consumptio 'esm ce to ec1§/ o
. o likely due to protein damage
inactivation ; i
¢ Photoreactivation was
dominant over dark repair
UV-C doses: 5-20 m]J/cm?; Enteroviruses (CVALIQ, Log inactivation (infectivity ® No synergistic effect
irradiance: 0.194 mW/cm? (260 Echo30, PV1, EV70) in water via ICC-RTqPCR); ANOVA observed [25]

nm), 0.314 mW/cm? (280 nm),
0.473 mW/cm? (260/280

suspension; propagated in
BGMK cells

comparison across
wavelengths

¢ 260 nm alone was most
effective
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combined); simultaneous ® Dual 260/280 nm either
exposure matched or underperformed

vs. 260 nm

e 280 nm less effective overall
e Results consistent with
nucleic acid absorption peak
near 260 nm

® Marked synergistic
inactivation of E. coli
(synergism coefficient up to
Log1o microbial inactivation; 1.92)
E. coli ATCC 15597 (bacteria) photoreactivation and dark e No synergism for PR772
and PR772 (bacteriophage) in repair; DNA damage; * DWUV suppressed [26]
PBS suspension Reactive Oxygen Species photoreactivation in both

UV-C (222 nm): 0.32 mW/cm?;
UV-C (275 nm): 0.50 mW/cm?;
delivered simultaneously for

12-20
s (ROS) production organisms

* Enhanced ROS and protein
damage likely mechanism for
synergy in bacteria

* No synergistic effect
observed
* Combined 2601280 nm

inactivati tched additi
UV-C (260 nm): 38-122 mJ/cm?; E. coli, MS2 coliphage, Inactivation kinetics (logio fnactivation matched additive

UV-C (280 nm): 41-89 mJ/cm? Human adenovirus type2  reduction), DNA/RNA
UV-C (2601280 nm): 41-105 (HAdV2), Bacillus pumilus damage (qQPCR); electrical
m]J/cm? spores energy per order (EEO)

sum of individual

wavelengths [27]
¢ No enhanced DNA/RNA

damage or energy efficiency

* Supports fluence-based
independence of dual UV
wavelengths

* Strong time-based
synergistic effect in all dual-
wavelength combinations (¢ =
1.3-3.8)

UV-C (222 nm): 1.0-2.4 m]J/cm?; Log1o microbial inactivation « No dose-based synergy

UV-C (282 nm): 0.8-2.1 mJ/cm? E. coli and Enterococcus faecalis (CFU count);

¢ Complete inactivation
fluences for 5-log inactivation: in synthetic water (pH 6.4—  photoreactivation and dark p

28
i ; . - . .. achieved rapidly (28]
E. coli 2.4-2.6 mJ/cm?, E. faecalis 7.0) repair; synergistic coefficient

3.6-5.4 mJ/cm? ¢ * Synergy linked to combined

protein damage and DNA
damage mechanisms

* No repair observed after
DWUYV exposure

¢ Significant synergy

observed for LP or excimer
lamps followed by LEDs

¢ Enhanced disinfection vs.
additive predictions

UV-C (222 nm): 0-25mJ/cm?;,  MS2 bacteriophage (virus Logio inactivation (PFU
* Reverse sequences less

UV-C (254 nm): 0-25mJ/cm? ~ surrogate) in water count); modeled dose effective [29]
Y
UV-C (255/265/285 nm): 0— suspension (host: E. coli responses; energy efficiency )
® Excimer + LP sequence
25 mJ/cm? each Famp) (EEN) .
showed highest energy
efficiency

* Supports order-dependent
synergy in UV-UV
disinfection

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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L inactivation;
E. coli (ATCC 11229) and O mactivation

UVA (365 nm): 1.7-52 J/cm?; photoreactivation and dark

* UV-A pretreatment
significantly enhanced UV-C
inactivation of E. coli (up to
+2.2 log)

e Eliminated
photoreactivation by

liphage MS2 (ATCC 15597- i iri 1f- ir (vi 30
UVC (265 nm): 4.2-20 mJ/cm? <o 1}.) g€ ( . repair; ROS role via “npairing se . repz.alr .(Vla 1301
B1) in PBS suspension hydroxyl radicals inside cells)
scavengers
8 * No synergy observed for
MS2
e Simultaneous UV-A+UV-C
decreased E. coli inactivation
(photoreactivation effect)
e Significant synergistic effect
observed only for 288/271 nm
(UV-B/UV-C) on E. colj, S.
E. coli, Staphylococcus . . epidermidis, and S.
UVA (369 nm), UVB (288 nm), ) L . . Logio inactivation (colony ) )
epidermidis, S. Typhimurium, . Typhimurium
UVC (271 nm), Dual UV . count); synergy ratios; .
Serratia marcescens, . O * Synergy ratios 0.20-0.87 [31]
(288/271 nm, 369/288 nm, . inactivation rate constants .
369/271 nm): 0.75-6.75 mJ/cm? Pseudomonas alcaligenes on ®) ¢ No synergy with 369/271 or
o agar (simulated food surface) 369/288 combinations
e Pulsed and continuous
modes equally effective at
same dose
* Synergistic bactericidal
ffect for E. coli, L.
UVC (222 nm or 280 nm); 405- o ettect for &. o o
) E. coli, Listeria monocytogenes, . monocytogenes, S. Typhimurium
nm blue light; pre-treatment: 30 Survival/colony counts; .
Staphylococcus aureus, S. . . e Minor for S. aureus
s (222-nm: 7.1 mJ/cm?, 280-nm: : . membrane integrity; ROS o [32]
Typhimurium, Pseudomonas . * Antagonistic for P.
1.2 mJ/cm?); 405-nm: up to 48 h, . L. generation .
86.4 J/cm? aeruginosa (in vitro) aeruginosa
’ e Synergy linked to 1 ROS
and membrane damage
¢ Only mUV/VIS (not UV-A
or VIS alone) caused
UVA (320-400 nm): 0.5, 1, 2 s
significant, dose-dependent
J/em?; VIS (395-600 nm): 2, 4, 6, . .
. . inhibition of allergen-induced
8 J/cm?; Skin prick test (SPT) wheal .
. Human volunteers (ragweed- . wheal formation (up to 83% at
Mixed UVB (5%, 310-320 nm . . size; allergen-induced
allergic patients, n=19); . . L 8J/cm?) [33]
est.), UVA (25%, 320-400 nm), . immediate hypersensitivity L
forearm skin tested e Inhibition occurred even at
VIS (70%, 395-600 nm) = response
. suberythematous doses
mUV/VIS: 2, 4, 6, 8 J/cm? (i.e., . .
0.1-0.4 J/cm2 UVB) * Suggests synergistic action
o of UV and VIS light on mast
cell-mediated response
* Dose-dependent bactericidal
ffect on S. dP.
Blue light (405 nm): 1, 3, 5,10,  S. aureus, P. aeruginosa, erec 'on aurets an
aeruginosa
15 J/cm?; Blue light (470 nm): 1, Propionibacterium acnes (in Survival/colony counts 8 . [34]
. * Up to 96.5% and 90% kill
3,5,10, 15 J/cm? vitro) .
¢ No effect on anaerobic P.
acnes
Table 3. Radiobiological Studies on Combinations of Ionizing and Ionizing Radiation.
Type & Dose Biological systems Biological endpoints  Effects Ref.
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Alpha particles (LET 100-238

Human TK6 cells (wild-type

Clonogenic survival,

* Mixed beams show synergy
in wt cells (survival)
* MYH- cells resistant to

keV :0.1-0.2 Gy; 35
Xe-zra/;sn(go KeV): 0.1310.6 Gy and hMYH knockdown) mutant frequency survival loss but show high [35]
mutant frequency
* Oxidative stress role unclear
* No synergistic effect
X-rays: 0.25-1.0 Gy; alpha: 0.166- observed
0.994 Gy; mixed beam 1: 75% X- * Mixed beam survival data
+25% alpha (0.333-1.327 fell withi dicted
rays . o alpha ( Chinese hamster ovary (CHO) Clonogenic survival ¢ ‘,N,l fn or near predicte
Gy); mixed beam 2: 50% X-rays + . additive models [36]
cells (AAS8) (colony formation assay) L
50% alpha (0.249-0.999 Gy); e Envelopes of additivity and
simultaneous exposure using mathematical modeling
custom MAX irradiator at 37 °C confirmed additivity for both
mixed beam conditions
¢ Alpha particle irradiation 1
RBE (~2.3 at 10% ival
1-10 Gy total dose; alpha T-1 human kidney cells; aerobic Survival fraction (10% d ( OERa h lsu(rvlnz)z; )
an shar ~1.
particles (11%-45% of total dose); and hypoxic conditions; survival), RBE (relative . M'l d radi t'p Y OER
ixed radiation
X-ray dose rate 0.1 Gy/min; survival measured by colony biological effectiveness), furth . [37]
rther
sequential exposure (alpha then formation, scoring of DNA OER (oxygen urene .
X-ray) d ( . ) oh ¢ ratio) * Observed trends aligned
-ra amage (clonogenic assa enhancement ratio
y 8 & ¥ with theory for mixtures of
high and low LET radiations
* Mixed beams induced gene
expression levels > alpha
DNA d 1
0.5-2 Gy total dose; mixed beam amag'e response atone .
is 1:1 dose ratio (e.g, 1 Gy = 0.5 gene expression (FDXR, e Synergy detected in 3 of 4
p ’ loha + 05 G -;g(-, ;7 " Human peripheral blood GADD45A, MDM2, donors using “envelope of [38]
alpha +0. -rays); -
,y P y Y . lymphocytes (from 4 donors) BBC3, CDKN1A, XPC); additivity”
simultaneous exposure using )
. o qPCR at 24 h post- ¢ FDXR most responsive
custom irradiation setup o
exposure * ATM inhibition decreased
response, indicating role in
synergistic effect
¢ Significant synergistic effect
at the level of complex
X-rays: 0.20-0.40 Gy; alpha: 0.07- . .
. . aberrations for two highest
0.27 Gy; mixed beams included . Chromosomal .
Human peripheral blood . . mixed doses
0.20X + 0.07 alpha, 0.40X + 0.13 : hocytes (PBL) f 1 aberrations (simple vs oLi draticd [39]
mphocytes rom inear-quadratic dose—
alpha, and 0.40X + 0.27 alpha Gy; ymphoey complex) via FISH in 1
; . donor response for complex events
simultaneous exposure via dual- chromosomes 2, 8, and 14 .
* 1 damage complexity
source setup . ",
suggests higher-than-additive
biological effect
¢ All mixed beam doses
howed statisticall
Alpha particles (LET 97-238 s' OV_VE.} stahistica .y,
significant synergistic effects
keV/um): 0.13-1.33 Gy; X-rays .
. . (average 1.8x higher MN than
(190 kV): 0.25-2.00 Gy; mixed . Micronucleus (MN) . L
Human peripheral blood . additive prediction)
beam doses: 0.38, 0.77, 1.53 Gy; frequency in binucleated . [40]
: . lymphocytes (1 male donor) . ¢ Linear dose-response
simultaneous exposure using cells; MN size .
i . * Synergy attributed to
custom dual-source irradiator at . . .
impaired repair of X-ray-
37°C . .
induced damage by prior
alpha exposure
X- 280 kVp, 0.75 Gy/min): 0- e Simult
rays ( p. : y/min) Rat lung epithelial cells (F344, Cell survival Hutaneous exposurc::'s.
15 Gy; Alpha particles (0.18 caused greater-than-additive [41]

LEC
Gy/min): 0-3 Gy; mixed )

(clonogenic), micronuclei

effects on cell killing and
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exposures: 0.06 or 1 Gy alpha +
graded X-ray doses

induction (FISH), mitotic micronuclei frequency
* High-dose alpha (1 Gy)
removed shoulder from

delay

survival curve

* Synergistic slopes observed
in micronuclei assays even at
low alpha dose (0.06 Gy)

Alpha particles (LET 100-172

keV/um): 0-1 Gy; X rays (80 keV):Human osteosarcoma U20S
0-1 Gy (always 1:1 ratio in mixed cells expressing 53BP1-GFP
exposures)

e Strong synergistic
interaction observed in both

1 1 DSB foci
DNA double-strand small and large DSB foci

break focus formation
and decay (53BP1 foci);
ATM and p53 activation

¢ Slower focus decay and

prolonged ATM/p53 signaling  [42]
suggest overwhelmed DNA

repair

* Synergy most pronounced

at lower total doses

Alpha: 0.13-0.32 Gy; X-rays: 0.20—
0.80 Gy; Mixed beams: 25% alpha
+75% X-rays (e.g., 0.53 Gy =0.13 Human VHI10 fibroblasts

¢ No dose response synergy
detected at 1 h

. . * Mixed beam exposure
v-H2AX foci formation .
R delayed formation and decay

and repair kinetics (IRIF); .
of large foci compared to [43]

alpha + 0.40 X); simultaneous (immortalized) small vs. large foci . .
. e predicted additive effect,
exposure using MAX dual-source quantification Lo .
indicating a transient
system . .
impairment of DNA damage
response
* Mixed beams caused
significantly more DNA
damage than additive
dicti .
Total dose of 0-2 Gy: 50% alpha DNA damage (alkaline prediction (syne.rgy i
(0.223 Gy/min, LET ~91 keV/um) comet assay), repair envelope analysis)
: i, M Human peripheral blood Y), Tep * Delayed repair kinetics

+50% X-rays (0.052-0.068

1 hocytes (PBLs, f 3
Gy/min); exposures via dual- ymphocytes (PBLs, from

d
source platform on blood discs onors)

(simultaneous delivery)

kinetics, phosphorylated
DDR proteins (ATM,
DNA-PK, p53), gene
expression (qQPCR)

* Highest activation of DDR [44]
proteins and gene expression

vs. either radiation alone

* Results support synergistic
impairment of repair by

clustered + dispersed DNA

damage

1 Gy exposure: 0.5 Gy alpha (LET
100-238 keV/um) + 0.5 Gy X-rays
(peak 80 keV); simultaneous Human osteosarcoma U20S
delivery using a dual-source

irradiator on U20S cells stably

expressing 53BP1-GFP

cells (live cell imaging)

* Mixed beam foci showed
unique dynamic behavior
¢ Intermediate size, highest

intensity, 1 bility, and
53BP1-GFP foci kinetics, intensity, low mobility, an

ersistent signal
area, intensity, mobility P gn

¢ Distinct from additive [45]
prediction

* Results support synergistic

effect via impaired repair and

(live microscopy),
chromatin dynamics

complex DSB clustering at
chromatin domains

Alpha priming doses (LET ~140
keV/um): 0.5, 2, or 2.5 Gy; X-rays

V79 Chi hamster 1
(3 Gy/min): multiple doses; fnese lamster ung

fibroblast cell
irradiations separated by <3—4 ibroblast cells

min

* Sequential exposure with <4

. . min delay showed strong

Clonogenic survival; o
. synergistic effect at 2.5 Gy

survival curve

ters (D, Do) alpha

arameters , Do .

P 4 e Survival curve shoulder

(Dq) nearly eliminated
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e X-ray survival curve slope
(Do) unchanged

* Synergy attributed to alpha-
induced damage interfering
with sublethal damage repair
from X-rays

Alpha particles (LET 91 keV/um);
X-rays (190 kV, 3:1 ratio): 2 Gy
total, acute or 0.4 Gy x5
fractionated

Human microglial HMCS3 cells;

cultured in vitro on Mylar-
covered disks

YH2AX foci, gPCR
(CDKN1A, MDM2), IL-
1B ELISA, NF-kB/STING
phosphorylation,
phagocytosis assay

e Fractionated alpha or
alpha+X-ray exposure —
stronger pro-inflammatory
response and DNA damage
signaling than acute

* 1 IL-1p3, CDKN1A, MDM2,
STING/NF-kB activation, and
phagocytosis

[47]

. Responses returned to
baseline by day 14

Alpha particles (high LET, Am-
241 source): 0.05-1 Gy; X-rays
(150 kVp): 0.05-1 Gy

BEAS-2B (human lung
epithelial) and SVEC4-10EHR1
(mouse endothelial) cells; in
vitro foci analysis via
immunofluorescence
microscopy

v-H2AX foci count, size
distribution, and decay

(dephosphorylation rate) :

over 24 h

¢ Alpha-induced foci were
larger and dephosphorylated
slower than X-ray-induced
foci

* Radiation type correctly
identified in >80% of blinded
ests

¢ Individual alpha and X-ray
doses estimated within 12%
error using mixed-beam

exposure data

0.83 Gy alpha (0.223 Gy/min)
1.02 Gy gamma (0.372 Gy/min),

U20S human osteosarcoma
cells stably expressing NBS1-

total of 1.85 Gy; 5-minute transfer
GFP

time between irradiations

Live-cell imaging of

DNA damage response:
NBS1-GFP foci number,
area, intensity, mobility

* Stronger synergistic effect
observed for a — vy sequence
* Slower repair kinetics,
larger and more persistent
foci

¢ 1 Intensity and | mobility [49]
* v — a induced faster decay

and lower focus intensity

* Results suggest order-

dependent DDR engagement

and impaired repair after

alpha priming

Alpha particles (LET ~91
keV/pm): 2.5 Gy; gamma rays
(0.73 Gy/min): 2.5 Gy;
fractionated regimens used as
well

Breast cancer (MDA-MB-231),
Osteosarcoma (U20S)

YH2AX foci (TEM,
immunofluorescence),
colony formation,
viability

* Mixed beam causes more
YH2AX foci

* Stronger reduction in
viability/colony formation [50]
¢ Delayed chromatin

recompaction enhances cell

kill

Alpha (LET ~126 keV/um, 50
rad/min): ~25% of total dose;
gamma (LET ~0.31 keV/um, 154
rad/min): ~75% of total dose

Diploid yeast (S. cerevisiae,
strain BZ34)

Mutation frequency
(reversion to arginine
independence)

* Statistically significant
synergistic effect observed

* Reversion frequency 1.34x
higher than additive
prediction [51]
* Enhanced mutagenic effect
attributed to interaction

between low- and high-LET

damage pathways
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Alpha particles (high LET): 0.89—

4.81 kBq/g lung; beta particles

F344/Crl rats (inhalation, in

Mortality from radiation
pneumonitis; respiratory

* Combined exposure
produced additive effects

¢ Validated hazard models for
lethality and morbidity

Z functi ital ity, 52
(low LET, E~ = 0.062 MeV): 0.52— vivo) Hne ll‘?n (vi acéapaa V"« Alpha radiation 7x more L]
compliance, . . .
2.11 MBq/g lung diff P } ? ) biologically effective than beta
iffusion
* Respiratory dysfunction and
fibrosis observed
* Combined radionuclide IR
Alpha +beta + gamma radiation Polle eversio caused higher mutation rates
n waxy-reversion
(mixed radionuclides from Barley (Hordeum vulgare, ‘ Y tati " per mSv than external gamma
requency; mutation rate .. )
Chernobyl fallout including waxy mutant line); field-grown q S Y * Mutagenicity not explained
er mSv;
134Cs, 137Cs, 144Ce, 154Eu, etc.): in contaminated plots and beta/ Jalph 1 by dose alone [53]
eta/gamma/alpha soi
total dose 1-515 mSv (chronic); gamma-field controls; waxy- H g d P * Enhanced genotoxicity
activity; dose-response . }
gamma (from 60Co source): 0.1- reversion assay in pollen d R?%IE .p linked to multi-type exposure,
an comparison
29,600 mSv (chronic) P chemical synergies, and
heterogeneous contamination
* Combined exposure
affected lateral growth and
Beta (°0Sr-20Y, low LET): 1.2-4.8 Sovb lants (Glyci Zie:c} depend;ng on t
n plan ine max mm. mponen
krad; gamma (°Co, low LET): oy e'za pa 's . yeme ma Survival, plant height, crarga a' 0se compone
cv. Hill) at unifoliolate leaf * Gamma slightly more
1.2-4.8 krad; beta and gamma o lateral growth frequency ]
. . . _ stage; grown to maturity in ] damaging overall [54]
combined (varied proportions): . i and length, vegetative ) .
field; assessed for vegetative R . ¢ Interaction effects seen in
total 1.2-4.8 krad at 8.4 or 17.8 . - yield, seed yield i .
rad/min and reproductive traits vegetative vs. reproductive
response
* Dose rate and composition
sensitivity evident
* Strong synergistic effect at
gene expression level
X (250 kVp): 3G * Mixed exposures — unique
-rays p): 3 Gy; .
f mRNA
Neutrons (IND-spectrum, broad Gene expression suppres'smn orm .
mulati (mi RT-qPCR) translation, tRNA processing,
energy range simulatin microarray, RT- ; . .
. gy_ & g Mice (C57BL/6, peripheral Y 4 EIF2/mTOR signaling, and
Hiroshima 1-1.5 km epicenter): pathway and ontology | . [55]
o blood, 7 days post-exposure) . ribosomal protein genes
0.75 Gy or contributing 5% (0.15 analysis (IPA, . .
linked to bone marrow failure
Gy), 15% (0.45 Gy), or 25% (0.75 PANTHER) )
Gy) of 3 Gy total mixed dose ¢ Effects not seen in pure X-
ray group
* Synergy evident even at 5%
neutron
* No significant synergistic
effect
Monoenergetic neutrons (0.35, o . ¢ Transformation frequencies
ncogenic
0.45,5.9,13.7 MeV): 0.1 or 0.3 Gy; . & . matched additive prediction
C3H 10T%2 mouse fibroblast ~ transformation (type ]
X-rays (250 kVp): 1 or 3 Gy; cells 1111 foci); clonogenic across all neutron energies [56]
sequential exposures with <2 min survival ! & * Low-dose combined
delay (neutrons always first) exposures showed additive
behavior even with high-LET
neutrons
X-rays (140 kVp): variable dose * Strong synergistic
per fraction (up to ~30 Gy total); Acute skin reaction interaction during
Neutrons (3 MeV): variable dose Mouse foot skin (WHT/Gy scoring; dose-response  simultaneous exposure [57]
per fraction (up to ~25 Gy total); {BSVS mice) curve modeling; o/ e Full quadratic-term

Mixed fields included
combinations with photon

analysis

interaction confirmed
® Synergy declined but
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contamination levels of 11%, 32%,
53%, and 72%

persisted up to 6 h delay

* Dose-response curves
shifted with increasing
photon content, supporting
sublethal damage interaction
model

Neutrons (14 MeV): up to ~430

L5 fibroblast cell I
rad; X-rays (180 kKVp): up to ~635 o\ o Horopiast cehine

(subclone of L cells);

Cell reproductive
capacity (colony

* Survival lower in
sequentially irradiated cells
vs. single modality

¢ Combined exposures
showed interaction

rad; various single and sequential ) . formation >50 cells); * RBE values for neutrons [58]
suspension culture in Eagle .
doses used; exposures spaced by MEM survival curves; RBE at  2.5-1.5 vs. X-rays
5-10 minutes 50-1% survival ¢ Evidence of partial overlap
but mechanistic differences
between neutron and X-ray
cell killing
¢ Sequential high-LET
X-rays (250 kVp): 0.2 Gy priming priming (neutrons/pions) 1
?ngl G6};) C?gllier\l;cie; n)eu(;crzogs Colony-forming ability resist'efiriceg t}:) slubse?iuent X-
=60-70 keV/um): 0. rays if 4-6 h elapse
L. H y V79-379A Chinese hamster (>50 cells); plating y . P .
priming and 1 Gy X-ray ) . ) * Adaptation required
. _fibroblasts; monolayer culture efficiency; survival after L [59]
challenge; Bragg-peak negative pi . . . minimum 0.2 Gy priming
survival assay challenge; induction of : .
mesons (LET = 35-55 keV/um): . ¢ Effect was transient, protein
. adaptive response .
0.2 Gy priming and 1 Gy X-ray synthesis—-dependent, and
challenge indicative of inducible DNA
repair mechanisms
* Neutron-photon mixtures
caused increasing
transcriptomic alterations
X-rays (250 kVp): 3 Gy; with higher neutron %
neutrons (IND-spectrum, high- Gene expression profiling® 25% neutron had strongest
LET): 0.15-0.75 Gy (5%—25% of =~ Human peripheral blood (ex = (microarray, RT-qPCR); TP53 and immune effects [60]
total 3 Gy dose); vivo from 5 donors) TP53 signaling; immune ® 22 genes uniquely
Neutrons (83%) + gamma (17%): suppression responded to neutron-
total 0.75 Gy containing exposures,
suggesting gene-level
synergism even without
simultaneous irradiation
. * Synergistic interaction
X- 250 kVp, 3G tup't
g ;2]8.( P y/min): up to observed with 6-minute delay
>Ry ) ) e | X-ray survival curve
fast neutrons (3.15 MeV, 0.47 Clonogenic survival; .
. . shoulder (Dq), especially after
Gy/min; 11.3% gamma . survival curve o
o V79 Chinese hamster neutron priming
contamination): up to 3.75 Gy; . . . parameters (Do, Dq); . . . [61]
. . fibroblasts (in suspension) ¢ No interaction with 3-hour
sequential exposures with 6- sublethal damage dela
minute delay (room temp), or 3- interaction Y . .
. e Effects consistent with
hour delay (with recovery at e papers .
o partial inhibition of repair
37°C)
between exposures
Fast neutrons (25 MeV, Fermilab):
280 or 420 rad; .t val after d
in survival after dose
fast t 0.86 MeV, JANUS): Survival , colony- . . .
ast neutrons ( ev.] ) V79 Chinese hamster cells urvival curve, cofony fractionation, repair of sub- [62]

up to ~1.6 krad; X-rays (250 kVp,
150 rad/min): doses combined
with neutrons in split exposures

forming ability

lethal damage
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X-rays (250 kVp): 1250 rad; fast
neutrons (produced by 16 MeV

e Combined effect is additive

deuterons on Be target): 540 rad; Mouse jejunum (crypt cells)  Crypt survival after full repair of sub-lethal [63]
sequential irradiation with 15 damage
min to 4 h interval
e Survival after mixed
Gamma rays (60Co, low-LET): up exposure was independent of
to 7.5 Gy; fast neutrons (~6 MeV, sequence
2-3% photon contamination): up Clonogenic survival * Synergistic effects reflected
to'7.5 Gy; ’ Chinese hamster V79 cells (colo.ny formation assay); in altered survival curve [64]
mixed exposures with 60% survival curve slope and slopes
gamma + 40% neutrons and vice shape e Zaider-Rossi model
versa, delivered sequentially with accurately described both
<3 min interval sequential and simultaneous
outcomes
* Low doses (25-50 mGy)
stimulated proliferation
Gamma-neutron radiation (from Neonatal mouse neural * >100 mGy reduced survival
. . . DNA double-strand
IR-8 nuclear reactor, mixed field stem/progenitor cells . . Gamma-neutron IR had
L breaks (YH2AX foci), foci _
of neutrons and gamma rays): (NSCs/NPCs) cultured in vitro; | d i+ Kineti higher RBE (max 9.7) vs. [65]
size and repair kinetics,
25-500 mGy; comparison made neurosphere assay; P . gamma alone
. e . X neurosphere formation, )
with gamma-only radiation in ~ immunocytochemistry for cell survival ¢ Induced large YH2AX foci
same dose range YH2AX with slow repair
* Sensitivity of NSCs/NPCs to
mixed radiation highlighted
* No synergistic effect
observed
* Mixed beam-induced
Neutron beam (HB11, mixed field . 1xe. e?am fnaee
dicentric yields matched
of protons from neutron capture . Chromosomal . o
. L Human peripheral blood . . . additive predictions from
and induced/incident gamma): I hocytes (PBLs) f 6 aberrations (dicentric + calculated prot [66]
mphocytes s) from amma + calculated proton
0.25-1.7 Gy; %°Co photons (for ymphocy chromosomes); RBE & p
. . donors L components
calibration): 0.25-3 Gy; exposures estimation .
) ® RBE values: 3.0 (mixed
in water phantom at 37 °C
beam), 7.2 (protons)
¢ Results consistent across
varying neutron:gamma ratios
Mixed field: fission neutrons and
gamma rays (MUTR reac.tor); V79-4 Chinese hamster lung Clon'ogenic surx{iv'al; 0 Interacti(.m.term ([,))I'I‘YDHDY)
neutron dose: 0.32 Gy/min, . survival curve fitting fits synergistic behavior better
. fibroblast cells (monolayer . ] . 2 . [67]
gamma dose: 0.42 Gy/min; %°Co culture) with nanodosimetric LQ than traditional additive RBE
gamma (control): 0.15-1.3 model model
Gy/min; total doses up to ~7 Gy
e Significant synergistic effect
Gamma: 150 rad/min; neutrons: observed at both 50% and 75%
10-15 rad/min (5 2% gamma . . gamma ray mix
L . Clonogenic survival; )
contamination); combined doses val deli e Survival lower than
survival curve modeling; .. -
with 50% or 75% gamma ray Chinese hamster ovary cells (in .ut H u. dex (1) & additive prediction [68]
interaction index
contribution; exposures flasks, room temperature) * Minimal impact of sequence
. o . based on Katz delta-ray .
sequential with immediate theor or delay up to 45 min
succession or extended up to 45 Y ¢ Katz model predictions
min matched experimental
interaction magnitude
Total dose: 0.5,0.75, or 1.0 Gy;  Human peripheral blood Gene expression (RT- * No synergistic effect
mixed beams were 50:50 mononuclear cells (PBMCs) qPCR of FDXR, BBC3,  detected in either endpoint [69]

neutron:gamma; sequential

from 3 donors

etc.); Dicentric

* Mixed beam responses were
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exposure (within 8 min) in both
orders (y—n and n—y); neutron:
0.02 Gy/min, gamma: 0.1 Gy/min

chromosome assay
(DCA)

additive regardless of
sequence

* RBEs for neutrons ranged
from 1.39-3.91 (gene
expression) and 7.30
(dicentrics)

* Gamma-neutron order had
no significant influence

Simultaneous and sequential

exposures; 60% gamma (8 V79 Chinese hamster lung

* Simultaneous exposure
produced a supra-additive
effect

® 29% lower survival at 10%

Clonogenic survival; level vs. additive prediction

rad/min) + 40% neutrons (4.8 fibroblast cells (monolayers at survival curve modeling; ® Sequential exposures (either  [70]
rad/min); sequential interval ~5 37 °C) RBE estimation order) matched additive
min; total dose varied model
* Results indicate dose-rate
sensitive synergism when
beams are mixed
* Simultaneous exposures
caused significantly more cell
killing than sequential
Simultaneous and sequential ¢ Dose ratio at 1% survival =
; 60% 3 Cl i ival; 1.08
exposu.res gamma rays ( V79 Chinese hamster lung on.ogeruc surviva . . .
¢Gy/min) + 40% neutrons (2 . survival curve modeling; ® Survival curves fitted better
. . . fibroblasts (monolayers at . o . . [71]
c¢Gy/min); delivered via pulsed 37°C) maximum likelihood with quadratic models
beam in 3-min intervals; total fitting * Confirms supra-additive
doses varied effect under simultaneous
delivery
* Supports interaction
between damage types
e Serum fluorescence at 465
nm | dose-dependently at 24
Mixed gamma-neutron radiation . .. h(570-9300 rads)
Fluorescence intensity in
(TRIGA Mark-F reactor; ~60% * 360 nm peak 1 at 72 h (non-
Male Sprague-Dawley rats; serum (360, 465 nm) and
gamma, ~40% neutron): 570- . . dose-dependent)
X . serum and urine sampled 6-72 urine (400, 425 nm); dose- . [72]
30,000 rad; delivered in steady- h ) d time-d dent ¢ Urine fluorescence at 425
ours post-exposure and time-dependen
state (1000 rad/min) or pulsed P P h P nm 1 with dose (1000-30,000
changes
mode (88% of dose in <40 ms) & rads)
¢ Limited utility as biological
dosimeter
¢ 1 lectin-binding observed as
early as 30 min
e L hocyt t iti
Mixed neutron-gamma radiation ( ytmg SZC.Y © mo)s Sensive
up to 2.5x increase
(light water-moderated research . 3H-concanavalin A P ]
Male F1 (C57BL x DBA2) mice; o * Dose- and time-dependent
reactor; neutron peak energy 0.4— ervthrocytes. lvmphocytes membrane binding; oscillatory membrane
0.6 MeV; ~30% gamma yIrocyres, mphOyieS:  gEM/TEM ultrastructure Y 73]

| platelets isolated from whole

t): 0.5, 2, or 4.5 Gy tot
component) or y total

dose; whole-body exposure in
rotating cage

responses
of plasma and

. e Membrane ultrastructure
intracellular membranes . .

altered (filopodia,

vacuolization, ER dilation)
e Effects not dose-
proportional above 0.5 Gy
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¢ Combined irradiation

impaired hippocampus-
Open field and Morris ~ dependent memory (unlike
water maze behavior; gamma, neutron alone)

Gamma (60Co, ~2.0-2.5 MeV): 0.1 C57BL/6] male mice; flow cytometry for * 1 M2 microglia, astrocytes,
Gy; mixed gamma (2.0-2.5 MeV) hippocampus and brain microglia and astrocytes; BDNF and NT-4 expression [74]
and neutron (0.5-10 MeV): 1 Gy immune cells analyzed qPCR/ELISA for ¢ | TNF-at and IL-1f3 vs.

cytokines and gamma, neutron

neurotrophins * Suggests anti-inflammatory

neuroadaptation post gamma-

priming

¢ Neutrons induced more
differentially expressed genes
and pathways than gamma
rays

Neutrons (2.5 MeV): 1.42 Gy; Gene expression profiling. Combined exposure

137Cs): 1.42 Gy; A:H ipheral blood RNA-seq, qPCR); KEGG | .
gamma rays ( s) y. uman peripheral bloo ( seq, q ) activated genes overlapping

combined neutron + gamma: 0.71 from 3 healthy adult males; B: pathway enrichment; . [75]
with both mono-exposures
Gy each; 252Cf neutrons: 0-0.71 AHH-1 human lymphocytes = dose-response of BAX,
¢ BAX, DDB2, FDXR showed
Gy DDB2, FDXR e
neutron-specific dose-
responses, suggesting their
role as molecular targets of
neutron damage
e At 375 rads, mucosal
recovery occurred in both
groups before death
e At 1000 rads, lesion
i d death
Mixed neutron-gamma radiation . progression a.n . ca
(neut 0.5-3.0 MeV. ~85% of ICR female mice (germfree and Mucosal atrophy, crypt occurred earlier in
neutrons: 0.5-3.0 MeV, ~85% o . . . . . . .
conventional); small intestine  regeneration, diarrhea, conventional mice [76]
dose; gamma: <10% of dose): 375 . . . . . . ey e
examined histologically survival time ¢ Villus atrophy, lipid-filled
rads or 1000 rads
cells, and delayed
regeneration observed in
germfree mice
¢ Epithelial denudation not
seen
e Interaction effect shown as
significant reduction or
Cell survival; survival  elimination of survival curve
Neutrons: 4-8.5 Gy; gamma rays:
. . . curve parameters (Dg, n, shoulder
up to 12 Gy; delivered V79 Chinese hamster cells in .
. i . slope); repair of * Damage from both [77]
sequentially with short intervals plateau phase (G; arrest) . . .
(0-3 h) between modalities potentially lethal damage modalities appears to involve
(PLD) similar PLD
* Response mimics that seen
with B-araA treatment
Epith 1 t
P! err.na. feutron souree ¢ | Clonogenic survival with
(Studsvik: includes fast neutrons devth
e
>1 MeV and y-rays): total dose . . Clonlogen.ic su?vival, . TpRBE values (Studsvik >
8.2-16.2 Gy/h, depth-dependent; Chinese hamster V79 fibroblast relative biological Birmingham) 78]
irmingham
epithermal neutron source cells effectiveness (RBE), . & .
o o ¢ Evidence of high-LET and
(Birmingham: neutrons <1 MeV repair inhibition

low-LET interaction
and y-rays): total dose 0.58-1.04

Gy/h, depth-dependent enhancing biological damage
Yy, -

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2020.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | N

OT PEER-REVIEWED | Posted: 25 June 2025

doi:10.20944/preprints202506.2020.v1

18 of 59

Mixed fields totaling 3 Gy (e.g.,
0.15-0.75 Gy neutrons + 0.03-0.15

* Synergistic pro-
inflammatory and

Lividomic d ; h lipidemic lipidomi
Gy gamma rays +2.1-2.82 Gy X- Mouse (C57BL/6]) serum _ipidomc dysreg yperiipidemic ipldommic [79]
) itoxic 0.9 Gy (075 G inflammation marker changes
rays); equitoxic 0. . .
aeyt o qsu+ 0.15G g ys,) ® 1 LPC/PC ratio
neutron . amma ra
Y8 y e 1 TG and PS
* Combined exposure
Fast neutrons (14.5 + 1.04 MeV, decreased CSC fraction
high LET): 0.7 Gy (2 Gy EQD); dditively in MCF-7 and
Plgt (27 g3 I\ZI’ (V Y Qd ) ¢ Cancer stem cell fraction - ; ! 1ve. yﬁm v i M?;A MB
rotons (67— eV, spread-o . ntagonistically in -MB-
Preat Ot Human breast cancer cell lines (ALDH+/CD44+/CD24-); 1 28 oy
Bragg peak): 2 Gy (2 Gy EQD); . 231 [80]
Combined Hal (MCEF-7, MDA-MB-231) stemness gene expression « No sienificant ch .
ombined sequential exposure o significant changes in
q P (OCT4, NANOG, SOX2) & &
(neutron — proton, 2 h interval): stemness gene expression
4 Gy EQD * Response depended on cell
line and radiation sequence
* Synergistic reduction in
survival with both sequences
e Strongest effect with
inimal del
X-rays (225 kVp, 270 rad/min): up mimma ceay
to 8 Gv: * High-LET priming
Y' V79 Chinese hamster lung Clonogenic survival; eliminated shoulder of X-ray
Neon ions (425 MeV/amu, fibroblasts ( h ival fithi [81]
ibroblasts (asynchronous survival curve fittin, curve
LET ~234 keV/um, 500600 Y e -
. . . monolayer) (Do, Dq); repair kinetics ® Low-LET priming
rad/min): up to 6 Gy; sequential .
. . steepened neon-ion curve
exposures with 0-24 h interval o .
¢ Synergy diminished with 3-
24 h interval, indicating
repairable, interacting damage
types
* Strong synergistic effect;
greatest in late S-phase
. e Interaction diminished with
Neon ions (425 MeV/u, LET ~ 234 . .
. Clonogenic survival; >3 h delay
keV/um): 3.3 Gy; Chinese hamster V79 . o ]
] . survival curves; timing  ® Survival response depended
X-rays (225 kVp): 5.5 Gy; fibroblasts (synchronized at [82]
) . and cell-cycle phase on cell-cycle stage and
Argon ions (570 MeV/u, LET ~  GI/S, mid-S, and late-S phases) . . . .. .
interaction analysis priming radiation type
117 keV/um): 2.04 or 3.57 Gy .
* Supports repairable, phase-
specific sublethal damage
interaction
* Strong synergistic effects
observed across all LETs and
doses
¢t ER with LET and primi
Deuterons (50 keV/um): 2 or 5.6 dT Wi anc priring
ose
Gy; *He i 96 keV, :250r4 Cl i ival;
v ooe Tons ( eV/um) or Chinese hamster V79 cells onogemce surv1iva * Mixed irradiation decreased
Gy; 3He ions (160 keV/um): 4 Gy; . . enhancement ratio (ER); . . [83]
(synchronized in late S-phase) . . survival more than additive
X-rays (50 kVp): graded doses survival curve modeling dicti
. . prediction
foll h high-LET d
orowing each fug ose e Results consistent with
interaction of sublethal
damage from high- and low-
LET radiation
o . * No significant synergistic
Priming dose: 7 Gy neon ions Tumor growth delay offect
(657 MeV/u, LET 115-240 Rat rhabdomyosarcoma tumors (doubling time to 2x « Growth delays similar [84]

keV/um) or 20 Gy X-rays (225
kVp, 6 Gy/min); top-off X-ray

(R2C5 subline in WAG/Rij rats) volume); RBE and
interaction analysis

regardless of whether X-rays
followed neon ions or X-rays
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doses: 7.5, 15, or 25 Gy given at
0.5, 4, or 24 h later

¢ Top-off doses produced
near-additive outcomes even
at 0.5 h interval

* Rapid sublethal damage
repair likely prevented
interaction

Head & neck cancer cell lines

Carbon ions (290 MeV/u, LET ~

(squamous cell carcinoma,

PCR-LOH on
chromosome 17;

® X-ray caused LOH on one
homolog
¢ Carbon ion caused homo-

75 keV/um): 1, 4, 7 GyE; X-rays: 1,salivary gland cancer, . . [85]
) microarray gene deletion
4,8 Gy malignant melanoma, normal . .
) expression analysis ¢ Both altered gene
keratinocyte) ]
expression
Table 4. Therapeutic Studies Involving Combined Radiation.

Type & Dose Biological systems Biological endpoints Effects Ref.
e Well tolerated with no dose-
limiting toxicities

Protons (delivered to CTV): 50.4 . * 1-year overall survival (OS)

. . Locally advanced pancreatic . .
GyE in 28 fractions; cancer (10 patients, in vivo Tumor control, toxicity, 80%, median OS 17.3 months [86]
Carbon ions (boost to GTV): 12, 15, linical tri }1)) ’ " survival * Modest improvement in
clinical tria

or 18 GyE in 4, 5, or 6 fractions tumor control
* Carbon ions suggested more
effective than proton alone
¢ 2-year OS 87.2%,

P ion-Free Survival

Intensity Modulated Proton (;;g;is:l;; Lree llérw:a 1

.8%, Local Contro

Therapy (IMPT) 50-70 GyE + Chordoma and (LC) 86.2% °

Intensity Modulated Carbon chondrosarcoma of skull Tumor control, survival, = . .

. . . e Worse survival with re- [87]

Therapy (IMCT) boost 15-21 GyE base/cervical spine (91 toxicity . .y

X . irradiation and tumor volume

[total up to ~69 GyE in 21-23 patients) 60

cc

fractions (fx)] . .

* Low toxicity with mostly
grade 1-2 side effects

e 2-year OS 81.7%, PFS 41.2%,
Local Progression-Free

Protons: median 44 GyE in 22 fx; Survival (LPFS) 66.7%

Carbon ions: median 23.1 GyE in 7 Small cell lung cancer (25 Overall survival, e Well-tolerated

fx (total median dose: 67.1 GyE);  patients, limited-stage, in progression-free survival, ® Main grade 3 toxicities [88]

concurrent chemotherapy vivo clinical study) toxicity hematological

(etoposide + platinum) * 1 case of grade 3
esophagitis, 1 late bronchial
obstruction
e Significant synergistic effect

b d only in C

Protons (95-105 MeV); opserve OIT yin ~—p

; sequence with 45% 12C
carbon ions (°C, 400 MeV/n); .
total RBE-weighted dose =8.4+0.2 Clonogenic survival contribution (K=0.65)

—wei ~8.4+0. i vival; .. .
Gv: f & tial Chinese hamster . & ) e Effect diminished with 30% [89]
; four ntial ex r . rvival curves; syner
yi 1ol segue A eXposure fibrosarcoma cells (B14-150) st VI.V_ CHTVES SYNETEY 1

schemes with 30-45% 12C coefficient K . .

. . ¢ Antagonism seen in p—C

contribution; intervals: 0—4 h;

sequence: p—C or C— sequence (K>1)

1 4 P * 1 Survival with longer
interval in p—C, but | in C—p
Proton Beam (OPTIS2; Bragg Peak; . . ¢ Combination therapy
CD1 nud th KB T th del
LET = 0.5-2 keV/um): 7.5 Gy or 5 nuce mice wl tmor growth cefay showed additive or [90]

Gy; Targeted Radionuclide

xenografts; BALB/c nude

(TGDI12/5), survival,

synergistic effect depending
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Therapy with 177Lu-Folate or mice with PC-3 PIP tumor volume on tumor model
177Lu-PSMA-617 (87, Emax = 0.5 xenografts monitoring ¢ KB model showed
MeV; LET = 0.2 keV/um): ~7.5 Gy significant synergy (1
(8.5MBq) or ~5 Gy (1.25 MBq) TGDI2/5, no endpoints)

e PC-3 PIP model showed
additive trend only

e Combination well tolerated
in both cases

Fast Neutron Therapy (p—Be, 50.5 Patients with locally

MeV, high-LET ~ 70-100 keV/pm):
18.4 nGy in 16 fractions; Proton

advanced unresectable
salivary gland tumors

Therapy Boost (Pencil Beam, RBE = involving the base of skull

1.1): 25 Gy (RBE) in 10 fractions

(n=29)

* At 18.9 months: LC 89.7%,
0S 93.1%, PFS 79.3%
* Acute toxicities mostly
grade 1-3
Local control (LC),
progression-free survival novo group

* No grade 5 toxicity in de
(PES), overall survival e Late toxicities included
(OS); acute and late

toxicity (CTCAE v4.03)

vision loss (25%) and hearing
loss (8.3%)

* Combined approach was
feasible with acceptable
toxicity in this high-risk
cohort

Protons (1 GeV, 60%);

160 ions (250 MeV/n, 20%);
28Si ions (263 MeV/n, 20%);
total dose: 6.6-6.8 Gy (RBE);
varying p/HR ratios (60/40%,

80/20%, 40/60%, 20/80%); intervals:

0-8h

B14-150 Chinese hamster
fibrosarcoma cells; confluent

monolayers irradiated in vitro

* HR—p sequence with 40%

HR most effective for

reducing survival

Cell survival (clonogenic i p—'>HR sequence showed
partial recovery (T ~1.1-1.3

h) [92]

¢ Combinations showed

assay); regression
modeling of post-

irradiation recovery -
mostly antagonistic

interaction (K > 1)
¢ Survival inversely related to
HR dose contribution

Proton Pencil Beam Scanning (96—
104 MeV; LET = 0.5-1 keV/pum): 40
Gy x 2 (total 80 Gy); Neutron
Radiation (14.1 MeV; High-LET =

SHK mice with solid Ehrlich

e All groups showed tumor
suppression

¢ Neutron-after-proton grou
Tumor growth . . p .. Broup
. . had milder skin toxicity and
suppression, skin
oo . better tolerance
radiation reactions

100 keV, :5 Gy; tial Neutron-before-prot: 93
€ /p'm) . y .sequen' 1a ascites carcinoma (RTOG/EORTC), relapse * eutron-betore pro. (,m 931
exposure in mice with 3 h interval: o group had severe toxicity and
frequency, remission .
neutrons before or after protons; ) . shortest survival
duration, survival .
neutron dose ~15% of total; CT- * Combined exposures 1
guided tumor targeting relapse rate and | lifespan vs.
protons alone
* All neutron—proton schemes
h d istic effects (K
Protons (88-109 MeVY; i 1owe synergistic effects (
neutrons (14.5 MeV, D-T . S)t ‘ h
rongest synergy when
generator); total dose ~8.6 Gy; . Clonogenic survival & Y gy,
. Chinese hamster neutrons delivered first and
neutron:proton dose ratios of 30:70 (colony assay); synergy [94]

or 40:60; sequential exposures with

0-8 h delay; survival modeled vs.
independent action

fibrosarcoma cells (B14-150)

o comprised 40% of dose
coefficient K . o
* Survival significantly below
additive prediction

* No recovery observed in

neutron-first sequence
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Priming dose: 0.075 Gy X-rays;
challenging dose: 1.75 Gy 137Cs

Mouse thymocytes

e Strong synergistic response:

li d enhanced
Cell cycle (sub-G;), DNA earlier and enhance

damage (YH2AX),
apoptosis (Caspase-3,

apoptosis, cell cycle arrest,
ferroptosis, and DNA damage
response in combined vs.

gamma rays; 6-hour interval (C57BL/6]); Human pediatric PARP1), ferroptosis (xCT, . led [95]
single dose
between doses; exposures in mice thymocytes (1 mo-3 yrs) GPX4), epigenetic . Pg' e d tized
riming dose — sensitize
and ex vivo human thymocytes markers (DNMTs, TDG, , . . & \
MBD4) radiation awareness" state
¢ Consistent mouse-human
similarity in response
¢ Combined lung+skin
irradiation delayed
Survival JACUC pneumonitis onset and
X-rays (320 kVp, whole thorax): . L . improved survival vs. thorax
1950r13G WAG/RijCmcr rats; lung and criteria), breathing lone (13 Gy)
.5 or ; . . . alone
y . skin monitored for 210 days interval, lung collagen Y . [96]
soft X-rays (10 kVp, dorsal skin, . o . . * Lung collagen | by skin co-
post-irradiation (fibrosis), mast cell count, 2.
10% surface): 30 Gy . irradiation
skin wound area i .
* Captopril enhanced skin
healing and delayed lung
injury further
¢ IR + PDT showed
additive/synergistic
X-rays (150 ky, orthovoltage): 9 Gy;Bla dder cancer organoids (T- Organoid. viability, death cytotox.icity
Photodynamic therapy (THPTS, 24, RT-112) markers, immune e Multimodal cell death [97]
760 nm): 20 J/cm? ’ migration * Non-malignant tissue
unaffected
e 1 T cell infiltration
e PDT d d b
PDT (non-coherent light, 370-680 i am;]gje N:Em Ir(anes
cause reaks
nm): 30 mW/cm?, 90-180 s; RT Tumor growth inhibition, « Combo had additive t
ombo had additive tumor
(gamma rays, 60Co source, 1.0-1.62 Ehrlich ascites carcinoma membrane vs DNA inhibition (~33-38%) [98]
gy;min): 2 Gy (range tested: 0-15 damage « HPde acted as dual
y sensitizer
¢ Low-dose PDT and RT
showed synergistic effects
. Viability (live/dead ¢ PDT — necrosis and
Heterocellular pancreatic taining) . tosi
staining), necrosis, apoptosis
X-rays: 2, 10, 20 Gy; PDT: 2.5 J/em? cancer spheroids (MIA PaCa- g' PopP .
. . apoptosis (flow * RT decreased spheroid
at 690 nm; PDT given ~10 min 2, Capan2, AsPC-1) co- [99]
. . . cytometry), DNA growth
before RT cultured with patient-derived L
fibroblasts damage (y-H2AX), ¢ Combination — smaller,
proliferation (PCNA) less viable spheroids than
expected additively
e Effects varied by cell line
e Strong synergistic effect: X-
PDT significantly more
X-rays (50 kV): 0-10 Gy; Cell viability (MTT), effective than RT alone in
Y ticl .M C540 yr Radioresistant human clonogenic survival, vitro and in vivo
nanoparticles: -
p i NSCLC cells (H1299); apoptosis/necrosis, DNA e Enhanced apoptosis,
SAO:Eu@mSiO2 at 50 pg/mL; X- . .
PDT bi RT and subcutaneous and damage (comet, y- necrosis, DNA, and lipid [100]
combines an
. . intrathoracic mouse tumor ~ H2AX), lipid damage
nanoparticle-mediated PDT; e L
models peroxidation (ROS), * Tumor suppression in deep

applied 5 min after injection

tumor growth delay tissues
* No systemic toxicity

observed
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PDT (non-coherent light, 730 nm):
45 mW/cm?2, 30-108 J/cm?;
indocyanine green (ICG) 50 uM;

¢ ICG alone non-toxic but
effective photosensitizer
¢ Combo of ICG + light + X-

MCEF-7 breast 11 Cell viability (MTT 101
RT (X-rays, 100 kVp): 2-8 Gy; reast cancer cells - Cell viability (MTT assay) 114 96.6% cells [101]
combination: 4 Gy X-rays + 60 J/cm? * Low-dose X-ray enhances
light + 50 uM ICG PDT efficacy
¢ 1 Tumor growth inhibition
RT (X-rays): 4 or 8 Gy; Tumor spheroid growth; . tosis and .
UV-C (200-280 nm)-emitting A549 lung cancer 3D spheroidcell death pathways T apoptosis and necrosis 0
nanoscintillators (LuPO4:Pr3*,Nd3*): model (apoptosis, necrosis); cell *® 1 G2/M arrest (102]
2.5 mg/ml cycle arrest (G2/M) * No nonspecific toxicity from
nanoparticles alone
¢ 1 Cell killing with combined
treatment (| survival to ~2%
t7.5 INPs+2G
RT (X-rays, 320 kVp): 24 Gy; UVC . . : mg/m .S )
. Clonogenic survival, e 1 CPD formation (~50%
(220-285 nm, via LuPO4Pr3 NPs, HFF1 normal human CPD f tion (ELISA) ivalent to 15 J/m? UV-C)
rmation , ivalen m -
generated in situ by X-rays; NP fibroblasts, XP17BE UV- . © .a. © . equivate . © [103]
i . ) radiosensitization, e 1 effect in XP17BE vs HFF1
concentration: 0.5-7.5 mg/mL sensitive fibroblasts ] o
(optimal: 2.5 mg/mL) nanoparticle cytotoxicity cells
P Feo e ¢ NPs alone cause mild dose-
dependent toxicity at =5
mg/ml
¢ | Plating efficiency with
IUdR-PLGA-NGO + X-ray +
RT (X-rays (6 MV): 2 Gy; . C'olo'n'y formation; 'CeII NIR vs all otk.ler groups
Human glioblastoma U87MG viability; nanoparticle ~ ® 1 nanoparticle uptake
NIR laser (808 nm): 2 W/cm? for 3— . . [104]
. . cells uptake (Prussian blue ¢ Enhanced radio- and
20 min at 43 °C stain); radiosensitization thermo-sensitization
* No cytotoxicity from laser
or nanoparticles alone
* No acute GI/GU toxicity >
RTOG/EORTC acute G2
toxici ding; ® 53% had no GU toxicit
CIRT: 16.6 Gy (RBE) in 4 fractions High-risk prostate cancer oxicity gra 1ng . K adno oxacty
. , Prostate-Specific Antigen ® QoL improved or stable
[4.15 Gy(RBE)/fraction]; IMRT (X- patients (n=15) enrolled at 3 L .
rays, ~6 MV): 45-50.4 Gy in 1.8-2 Italian oncology centers; (PSA) kinetics; Quality of post-RT [105]
cy/ o sRymt o 155'12 ', Life (QoL) via IPSS, * PSA median 0.08 ng/ml at
raction ollow-up up to 12 months
y pup QLQ-C30, QLQ-PR25, last follow-up
IIEF-15 * Mixed-beam approach
feasible and well-tolerated
¢ CIRT+IMRT plans showed
lower doses to rectum,
bladder, anal 1, il
CIRT (LET ~50-80 keV/um): 16.6 acder, ana’ cana’, pentie
. . bulb vs. IMRT-only
Gy (RBE) in 4 fractions [4.15 Target coverage and « DIR iedb
accuracy vari
Gy(RBE)/fraction]; High-risk prostate cancer OAR dose metrics; DIR OAR c;u :y Z eaby
and patien
IMRT [X-rays, 6 MV, volumetric  patients (n=5); multi-center ~ accuracy (DSC, CI, TRE); oF 1ph l’il - [106]
modulated arc therapy (VMAT)  prospective Phase II protocol comparison with IMRT- d femorz cads feas
eforme
mode]: 50 Gy in 25 fractions (2 only plan
. e Rectum most deformed
Gy/fraction) ]
mixed-beam approach enables
OAR sparing but introduces
DIR-related uncertainty
RT (IMRT, photons): 54-60 Gy; . . e Grade 3 itis: 11%
( photons) } y 27 patients with locally RTOG/CTCAE acute and race 2 mucostis: 177
RT (proton therapy, active .. (MB) vs. 76% (IMRT-only)
advanced nasopharyngeal late toxicity; local control, [107]

scanning, RBE=1.1): boost to 70—
74 Gy;

cancer (LANPC, T3-T4, NO—

PFS, LPFS ) . e Significantly lower doses to
, ; oral cavity, . .
. oral cavity and suprag]lottic
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RT (IMRT-only cohort, photons):  N3); compared to historical esophagus, larynx larynx
69.96-70 Gy IMRT-only cohort (n=17) dosimetry * 2-year LC: 96% (MB) vs.
81%

* No Grade >3 late toxicities
* Mixed-beam | acute toxicity
with comparable efficacy
* Mixed-beam plans | NTCP
Bolus Electron Conformal Therapy for cardiac mortality (0.23%
(BECT) + IMRT (6 MV X-rays) + vs. 0.80%) and SCCP for
. Target coverage (CL,
VMAT (6 MV X-rays); 20 fx BECT Left-sided postmastectomy contralateral breast vs. VMAT

DHI), OAR d lung, . .
to chest wall (40 Gy) + parallel breast cancer patients (n=9); h 1 ; IO:e (lung ¢ CI and DHI inferior to [108]
eart, contralatera
opposed IMRT to supraclavicular retrospective planning study b ), NTCP, SCCP VMAT
reast), ; . . .
(40 Gy) + 5 fx VMAT boost (10 Gy); e Patients with >0.5 cm tissue
total dose: 50 Gy in 25 fx between PTV and lung

benefited most

* Highly synergistic tri-modal
effect (radiotherapy +

RT (X-rays): 6 Gy; photothermal + photodynamic

NIR light (730 nm): 0.4-0.8 W/cm?
for 5-8 min; UCNP@NBOEF-FePc-
PFA at 80-100 pg/mL

T 11 tosis,
Murine breast cancer cells Hmor ceft apoptosis therapy)

(4T1.2), U251 glioma cells; photothermal effect, ® ~96% tumor inhibition in [109]

BALB/c mice (tumor-bearing) imaging-guided therapy vivo

ROS generation,

* Massive cell apoptosis
* 1 ROS and temperature
under dual irradiation

e Strong synergistic effect:
60% complete tumor
eradication in vivo

X- 14 Gy;
rays (6 MV): 4 Gy; Mouse 4T1 TNBC tumor ROS generation; tumor ¢ Highest ROS production in

NIR laser (808 nm):

1 W/em? for 3 min at gc/;c}f};/ e mice) growt}T delay; color.ly combined group . [110]
c nude mice); :
~ 42 °C; RT applied 4-6 h after the nude formation; apoptosis * Lowest colony survival and
4T1 cells in vitro (TUNEL) strongest apoptosis in vitro

first laser irradiation
¢ INS NPs showed excellent

tumor targeting and magnetic
guidance

e Combined
external/interstitial light led to

NIR-PIT (690 nm laser): External

test t 1
exposure (50 + 100 J/cm?); EGFR-positive A431-luc Tumor volume, greatest tumor voiume

ducti d ival vs.
Interstitial exposure (50 + 100 J/cm); tumor xenografts in nude bioluminescence re'zthuc 1(1)n and survivai vs [111]
either alone
Combined exposure (25 + 50 J/cm? mice (viability), survival

o] d light deli d
external + 25 + 50 J/cm interstitial) fproved ight delvery an

tumor coverage enhanced
treatment efficacy

* Combined e~ + X-ray plans
achieved higher P+ than X-
rays alone for shallow tumors

Electron beams (25-100 MeV): up
to ~73 Gy to gross tumor; Photon

beams (5 MV, 15 MV, 50 MV): up  Cervical cancer and Probability of L. . )
. . * Optimized direction and
to ~75 Gy to gross tumor; used astrocytoma patient complication-free cure enerov critical [112]
iti
alone or in combination in RT. geometries (simulated) (P*), dose conformity 8y ..
o ¢ X-ray addition sharpened
Doses optimized per plan and )
. L penumbra and improved

energy-modality combination.

target coverage
Carbon ions (12C, 226.5—245.5.5 Cubic plastic scintillator (20 ?ragg .peak position;. lighte Mixed C+He bea.n? en.ables‘
MeV/u): up to ~1.8 Gy per field )+ CCD-based optical intensity (photons/pixel); sub-mm range verification via

cm -based optica

(SOBP); Helium ions (4He, 226.5 P FLUKA-based Monte emerging He signal [113]

system; beam scanned across

MeV/u): ~1% of carbon dose added *, . Carlo validation of e Optical detection validated
scintillator surface

for online range verification. Used detector models with proton beams
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simultaneously in mixed-beam
therapeutic RT with real-time
imaging potential.

* Monte Carlo models
accurate within 20%

¢ Proposed method suitable
for in-treatment range control
during carbon ion therapy

Carbon ions (320 MeV/n, LET =
46.6 keV/um): 0.8-4.4 Gy;
X-rays (4 MV): 2-8 Gy;

Clonogenic survival

Human salivary gland cancer (colony formation assay);

* No synergistic effect
observed

* Combined exposures
followed additive prediction
model based on GyE

114
carbon 0.4-2.2 Gy + X-ray 1-4 Gy; cells (HSG) survival fraction at 2 Gy e Survival curves and [114]
exposures within 15 min or 72 h (SF2); RBE parameters aligned with
apart additive model
e Effect independent of
irradiation sequence
¢ 1 Cell killing with
Carbon ions (290 MeV/u, LET 13- sequential ion + X-ray
100 keV/um): 2.0-6.8 Gy; Silicon exposure vs single beams
ions (490 MeV/u, LET 55 keV/pm): e | SLDR with increasing
3.0 Gy; Argon ions (500 MeV/u, Clonogenic survival, LET; high-LET ions (=80
LET 85 keV/um): 2.5-3.0 Gy; Iron V79 Chinese hamster cells ~ sublethal damage repair keV/um) cause largely [115]
ions (500 MeV/u and 200 MeV/u, (SLDR), RBE analysis irreparable damage
LET 200-860 keV/um): 1.75-3.5 Gy; * LET-dependent reduction in
X-rays (150 or 200 kVp): 8.0 Gy repairable fraction
(priming or test dose) * Evidence of combinatorial
suppression of SLDR
® 5-yr survival 72%, disease-
free survival 45%
XRT (6-24 MV) + ENT (66 MeV
. . ¢ Local control 89%
proton- or 8 MeV deuteron- . . Overall survival, disease- . .
. Patients with bulky Stage B2, . * 72% of biopsies post-RT
induced fast neutrons); whole free survival, local
. . Stage C, Stage D1, or post-op o were tumor-free
pelvis: ~50 Gy photon-equivalent; control, PSA kinetics, .
recurrence (n=45); treated . ® 36% had Grade 3-5 toxicity ~ [116]
boost to prostate: 15-20 Gy eq.; , ) histology ,
. 1978-1991 at Univ. of Chicago . ¢ Dose >70 Gy eq. linked to
mix: 60% photons, 40% neutrons; 3 . (biopsy/autopsy), RTOG _ . T
£/ K bhot 2 fx/ K & Fermilab toxicitv (Grades 1-5 higher complications
XJweek photons, £ Ixfvee oxicity (Grades 1-5) * Neutron source and field
neutrons
arrangement affected
outcomes
No significant diffi i
Fast neutrons (22-66 MeV, various * o s1gr'11 rcant diference i
. local/regional control or
cyclotrons and linacs): 7.5-10 Gy . . .
) Patients with unresectable survival
(RBE-adjusted); Photons . . . .
. squamous cell carcinoma (T2-Primary tumor control; e Mixed beam improved
(megavoltage X-rays): 40-44 Gy in .
. ’ T4, any N) of oral cavity, nodal response; overall nodal CR rate (69% vs. 55%,
mixed beam arm, or 66-74 Gy in . . [117]
) oropharynx, supraglottic survival; 2-year DFS; p=0.024)
photon-only arm. Mixed beam RT o o . .
] ) larynx, or hypopharynx toxicity (RTOG criteria) e Higher severe toxicity (16%
delivered over 7-8 weeks using 2
tron + 3 photon fracti (n=306) vs. 8%)
neutron oton fractions per
K P P * Mixed beam feasible but not
wee
superior overall
RT (megavoltage X-rays): 66-74 Gy * Mixed beam improved
in 1.8-2.0 Gy/fx; FNT (neutrons, 327 patients (297 evaluable) . nodal control vs. photons in
. ) i Primary and nodal tumor .
high-LET, d—Be or p—Be with oral cavity, oropharynx, I ) ional node + patients (45% vs. 26%,
) ] clearance, loco-regiona
lotron): 7.5-10 Gy RBE-adjusted lottic 1 , =0.004
cyclotron) y adjusted supraglottic larynx, or control, survival, RTOG p ) [118]

dose in 1.8-2.0 Gy photon-
equivalent/fx); Mixed beam
(Photons 40-44 Gy + Neutrons 7.5- facilities
10 Gy), 7-8 weeks total duration

hypopharynx tumors;

randomized at 5 U.S. neutron

toxicity, recurrence
patterns

* But worse primary control
in node- patients (27% vs.
60%, p=0.006)

® No overall survival
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difference

¢ Higher Grade 3+ toxicity
with mixed beam (18% vs.
10%)

Fast Neutrons (30 MeV d-Be, <5%
gamma contribution): up to 35.78
Gy (fractionated, 5 n); gamma rays

(60Co, 1.00 Gy/min): up to 1044 Gy -1 Tice bearing syngeneic

* Mixed-beam (N-y-y-y-N)
yielded survival and TCD50

curves indistinguishable from
Tumor control dose

calculated additive effects
(TCD50); lung colony

¢ No interaction observed

NFSa fib ; tu 11 ival); D 119
(fractionated, 5 gamma); . a' brosarcoma; tumors  assay (ce survn'/a ): Do * Neutron RBE ~3 vs. gamma [119]
. irradiated locally and n from survival
Mixed Beam (2 n + 3 gamma over 5 rays
curves
days): neutrons ~6.78-7.66 Gy, ¢ Fractionation increased Do
gamma ~66 Gy total and extrapolation number for
gamma rays but not neutrons
¢ Fractionated neutron IR led
to fewer foci but larger size
e Higher DO vs. single d
. CHO-K1 cells (Chinese Cell survival ighet DRve .smg ¢ dose
BNCT. Mixed Neutron Beam . . . ® Suggests persistent
. hamster ovary); fixed 3 h (clonogenic), 53BP1 foci .
(Thermal: 22.4%, Epithermal: 2.4%, . Lo . . clustered DSBs due to high
Fast: 16.7%); gamma rays (58.5% of post-irradiation; foci number and size (DNA LET [120]
R0 E y : quantified via DSBs), D0/D10 values for )
total dose): 1.25 Gy; gamma Rays . . . e Gamma IR showed less foci
) immunofluorescence and single vs. fractionated . .
(60Co or equivalent): 2 Gy size difference
Image] exposure
* Importance of damage
complexity in fractionated
high-LET fields highlighted
BNCT. Alpha (3.2 MeV, LET ~120 * No significant synergistic
keV/um): 0.5-2.0 Gy; effect observed
Gamma (60Co): 3.4-8.6 Gy; mixed * Mixed beam survival closely
d.oses I.natched for equivalent V79-4 Chinese hamster cells Clonogenic surivival matched additive prediction [121]
biological effect (e.g., 0.5 Gy alpha (colony formation assay) ® Results suggest lack of sub-
+ 3.4 Gy gamma); simultaneous lethal damage interaction with
exposure using dual-source setup alpha particles under these
at 10 °C conditions
* Strong synergistic effect on
cell killing observed only at
BNCT. Alpha particles: 2 or 2.5 Gy; 2.5 Gy alpha when combined
X-rays: variable doses; V79 Chinese hamster lung  Cell survival (clonogenic simultaneously with X-rays [122]
simultaneous vs non-simultaneous fibroblast cells assay) * Survival curve steepened,
delivery assessed suggesting alpha exposure
impairs DNA repair from
low-LET X-rays
* RBE at 10% survival: 3.3
CHO-K1) and 1.2 (xrs5
BNCT. Neutron Mixed Beam ( . )an (x.rs )
] . . ® Foci number and size
(Thermal <0.5 eV: 25%, Epithermal . Clonogenic survival; L.
CHO-K1 (wild-type) and xrs5 similar to gamma rays, but
0.5-10 keV: ~2.6%, Fast >10 keV: . : DNA double-strand . A
. (Ku80-deficient) Chinese . neutron-induced foci were [123]
18-19%, LET range not specified): breaks (53BP1 foci count, .
hamster ovary cells . e spatially clustered
0.9-1.0 Gy; gamma rays (60Co, 40 size, spatial distribution) X .
Gy/min): 0.9-1.0 Gy (controls) ¢ Indicates potential for more
msyrming ST Ly feontrols complex DNA damage from
neutron components
Cf-252 neutrons (0.2-0.3 Gy/hr), Balb/c mice, whole-body GI-50 (6-10 day survival) ® Dose required to cause
137Cs gamma rays (0.7-0.85 Gy/hr) rradiation model and BM-50 (30 day syndromes | sharply up to
1 ; . a.
and 60Co gamma rays (1.25-2 survival) syndromes after35% neutron contribution, [124]

astrointestinal and bone

Gy/min); total body irradiation &

. marrow systems assessed
with doses up to ~13 Gy,

single and fractionated then plateaued

exposures ® Minimal repair in neutron-
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depending on endpoint and mix
ratio

rich exposures

* Mixed beams >35%
neutrons behaved like high
LET radiation

¢ Fractionation and dose rate
effects negligible for C{-252
but substantial for photons

Table 5. Space Radiation Studies Involving Combined Radiation.

Type & Dose Biological systems Biological endpoints Effects Ref.
e Additive effects for Ar and
Si ions with X-rays
40Ar (550 MeV/n, 86 keV/um), . -
. ¢ Slight non-additive
28Si (100 MeV/n, 150 deviation (mild synergy)
viation (mi ner
keV/um), 56Fe (115 MeV/n, . Clonogenic survival (V79); _y &y
Hamster V79 fibroblasts; . observed for Fe ions,
442 keV/um); X-rays (150 Chromosome 2 aberrations . . [125]
N Human lymphocytes especially at 1:1 dose ratio
kVp); dose combinations (FISH-PCC, lymphocytes) .
¢ Fe + X-ray survival and
ranged from 1-11 Gy total; ]
ol chromosomal damage slightly
simultaneous exposure
P exceeded predicted additive
response
¢ IR caused hyperlocomotion
and enhanced intrasession
o . habituation
Gamma rays (661.7 keV): 0.4 Locomotor activity, grip . .
G bon-12 i (450 A th . d ¢ 1 choline and a-synuclein, |
; carbon-12 ion ren, monoamine an
¥ carbo ons Adult male Wistar rats; nudeus” - 'g , Mo oa. ca STX1A in NAc
MeV/n, 10.3 keV/um): 0.14 choline metabolism (HPLC),
G hole-bod accumbens (NAc) and dorsal Jorotei . ; e | 5-HIAA [126]
; whole-bo amma ra . ene/protein expression o L
y Y8 Y striatum (dST) analyzed geneib P * STX1A protein | in dST
exposure followed 24 h later STX1A and SNCA (qPCR, . )
by head-only C-12 ions immunoblotting) ® Suggests link to vesicle
Y Y & trafficking and
neurotransmission
modulation
* No change in mRNA levels,
Gamma rays (661.7 keV): 0.4 but 1.76x increase in C/EBP-3
Gy; carbon-12 ions (450 qPCR and Western blot for FIP i?oform protein in
MeV/n, 10.3 keV/um): 0.14 . L . irradiated rats
G hole-bod Wistar rats (n=14), pituitary C/EBP-f3 isoforms (LAP*, s tst lati " [127]
; whole-bo amma- uggests translation-stage
. Y o . V& gland analyzed post-mortem LAP, LIP); mRNA and gg. &
irradiation daily for 3 days, e tificati regulation
rotein quantification
followed by acute C-12 head- P d e Indicates ER stress and
only exposure on day 4; potential apoptosis signaling
via HPA axis modulation
¢ Combined exposure caused
cumulative
Beta radiation (10 MeV): 0.5, . . . immunoidentification loss
Various biological polymers g
25, 250 kGy; . . ¢ Effect similar to separate
and small molecules Structural/chemical epitope
Gamma rays (3 MeV): 0.5, 25, | . . . . . treatments [128]
. immobilized on slides (e.g., integrity via immunoassay
250 kGy (sequential exposures . . ¢ Pattern closer to electrons-
) proteins, peptides, spores)
for combined treatment) only group
* Radiolysis varied with
molecule type
1H (150 MeV/n): 0.5 Gy; Male mice; hippocampus Short-term spatial memory e Impaired memory and |
Oxygen ions (160, 600 (dentate gyrus, CA1); Y-maze (Y-maze); dendritic novel arm recognition
MeV/n): 0.1 Gy; for cognition; Golgi staining, = complexity (Sholl); spine e | mushroom spines, 1 [129]

whole-body irradiation with a qRT-PCR, spine and dendritic

1-hour interval morphology

density (mushroom, stubby);

synaptic markers (Nr2a,

stubby spines in DG and CA1
e Altered dendritic
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Nr2b, GluR1, synapsin-1,
drebrin, SAP97)

arborization and complexity
* 1 GluR1, Nr2a, synapsin-1,
drebrin

* Hippocampal remodeling
consistent with cognitive
dysfunction

* Memory deficits

* Reduced novel object
Y-maze (short-term .
. recognition
memory), novel object

Protons (150 MeV/n): 0.5 Gy; Male C57Bl/6] mice, ecoenition. dendritic ¢ | mushroom spine density [130]
T nition, dendriti ..
160 (600 MeV/n): 0.1 Gy hippocampal neurons & ) . ¢ Altered dendritic
morphology, spine density, .
SNP analvsis morphology (1 in dentate
y gyrus, | in CAl)
® 1 SNPs in Txnrd2/3
50-200 cGy i ired object
Protons (1 GeV, 60%); Behavioral (home cage i . ey mpairec objee
. L. . recognition
160 ions (250 MeV/n, 20%); activity, depressive .50 eGv 1 d .
c epressive
28Si ions (263 MeV/n, 20%); behavior), cognitive (object oy 1 depressiv
B6D2F1 (C57BL/6] x DBA2/] F1) . behavior and activity (males)
total doses: 0, 25, 50, or 200 . recognition, fear o [131]
i ) . male and female mice > ¢ Radiation altered BDNF (|
cGy; sequentially delivered in conditioning), molecular . .
. . Lo in males), CD68 (1 in females)
rapid succession to mimic (BDNF, CD68, MAP-2 « Gut microbi di .
microbiome diversi
cosmic radiation exposure levels), microbiome diversity 1 prieroblome Ve.s 1
in dose-dependent fashion
* H—He—5i sequence 1
Protons (120 MeV/n): 20 cGy; premalignant lesions, MDA,
helium (250 MeV/n): 5 cGy; Lesi ber (h lasi and adenocarcinomas
silicon (300 MeV/n): 5 cGy;  K-rasLA1 lung cancer- sswn numt er.( yperpasia Delaying Si by 24h or using
adenoma, atypia, .
whole-body irradiation in 3  susceptible mice; lung tissue . yP Si—H—He sequence | effects
Y P & carcinoma); MDA levels; q
orders (H—He—Si, and plasma; histology, lipid . tof i 4 d e CDDO-EA countermeasure  [132]
impact of ion order an
Si—»He—H, and H—He peroxidation assay, 1-year CDpD o c];Ao © dati normalized lesion count and
- n oxidative
+24h—S5i); total dose: 30 cGy; survival ono . V, MDA
. stress and tumorigenesis L.
CDDO-EA given 3 days pre- * Sequence- and timing-
IR to 1 day post-IR dependent cancer risk
highlighted
*15G i 1
Protons (1000 MeV, LET 0.24 -y perivasciar
. L . fibrosis and 1 systolic BP
keV/um): 1.2 Gy; . Perivascular cardiac fibrosis, .
o WAG/RijCmecr male rats (6 e 1 CD68+ cells in
28Si ions (500 MeV/n, LET 54 . blood pressure, serum .
mo); heart, kidney, blood; 270- . heart/kidney
keV/um): 0.15 Gy; dav foll histol cholesterol, renal histology, « Cvtokine shifts at 30-60 d [133]
-up; hi ine shi —
56Fe ions (600 MeV/n, LET aﬁ' © Z‘,’V P . S0 (igi’, cytokines (IL-5, IL-18, IL- S,y 01 nes . 5a drot
190 keV/um): 0.15 Gy; total echocardiography, cytokine 17A), macrophage (CD68+) . mgie-ion beams did no
dose: 1.5 Gy (whole-bod panels infiltration induce pathology
) t i y i ey Y | e Threshold for fibrosis likely
sequential rapid switchin
dquentia’ rap & between 0.75-1.5 Gy
* Smf-GCR induced more GI
Smf-GCR (protons 1000 tumors and carcinomas than
mf- protons
MeV/n, He 250 MeV/n, 160 Intestinal t tand %aglma re.1ys fraction (O + Si
n nal tumor nt an avy-ion fraction
325 MeV/n, 285i 300 MeV/n; Male and female Apch1638N/+ oo ot ot cavymion e !
o . classification (adenoma vs. accounted for >95% of
LET 0.22-69 keV/um); mice (intestinal tumor model); i ) . .
carcinoma); histopathology; tumorigenic effect [134]

total dose of 0.5 Gy (0.3 Gy H, tissues collected 150 days post-

0.1 Gy He, 0.05 Gy O, 0.05 Gy
Si) delivered in sequence over
~15 min

irradiation

risk estimation; contribution e Males had higher tumor
analysis of ion components burden
¢ Data highlight heavy-ion
dominance in GCR-associated
GI cancer risk
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Total dose of 15 or 50 cGy
(GCRsim; 5-ion simplified

beam; protons 250/1000 MeV, .

Male and female C57Bl1/6] mice,

Organ weights (thymus,
spleen, adrenals), plasma
hormones (aldosterone,

¢ | Thymus/spleen/adrenal
weights in males
¢ | Aldosterone in males

d endocri t NLR in females (3 d. 135
4He 250 MeV/n, 160 350 lgm‘;ne 3“ e? fcr;“e PYFEMS corticosterone), immune cell | ! o n tem,a es ( lays) [135]
MeV/n, 285 600 MeV/n, 56Fe (0 0% adrenal glands) profiles (phagocytosis, NLR), © || nagocytosisin males
600 MeV/n) A tomi * Sex-specific gene expression
eV/n ranscriptomics
P changes at 14 days
* GCR exposure impaired
hort-t d spatial
Protons (1 GeV, 250 MeV); y Mortis wat short-term and spatia
-maze, Morris water maze memory
4He (250 MeV/n); 160 (350
€ (250 MeV/n); 160 ( Male BALB/c mice (n=12, (MWM); flow cytometry ~ » No glial cell changes
MeV/n); 285i (600 MeV/n);, | . . . .
56Fe (600 MeV/n) irradiated vs. sham); (astrocytes, NPCs, microglia, ® Chromosome aberrations
e eV/n); . .
hippocampus and bone oligodendrocytes); 14x vs. sham [136]
total dose of 50 cGy; whole- . . . . . .
bodv irradiation using the 5. 2TV tissues analyzed 3 cytogenetics (G-banding, * 113 proteins differentially
. y GCRb ; gNASA months post-IR SKY); proteomics (TMT +  expressed (fold change >1.5)
ion sim! eam a
S Radiation Lab IPA) * Network analysis linked
ace Radiation Lab; R o
p protein shifts to cognition and
neurodegeneration
Protons (1000 MeV, LET 0.20
keV, :17.5 cGy;
S'e ( 6/0%n13[ v/ CLEyT 504 * GCRsim caused sex-specific
i eV/n .
' tial learning deficit 1
keV/um): 0.5 cGy; Spatial learning (RAWM), spell 1)a earning deficits (males
n
He (250 MeV/n, LET 1.60 Male and female mice; sociability, social memory, (: L?' Ked t . .
inked to microglia
keV/um): 9 cGy; hippocampus, blood, cortex;  recognition memory; Hivati d &
activation and 1 synapses
O (350 MeV/n, LET 20.9 flow cytometry, microglia phenotype (CD6S, MV. o Tl Z P [137]
icroglia depletion
keV/um): 3 cGy; synaptocytometry, RAWM,  CD107a), synaptic density f defi f
rever ici
Protons (250 MeV, LET 040 ~ PCA analysis (PSD-95, Synapsin-1), blood | = %0 U
r mon
keV/um): 19.5 cGy; Fe (1000 monocytes a. y b l00d mo (.)c.y ereves
MeV/n): 0.5 cGy; predicted late cognitive
PO CSYs decline in males
total: 50 cGy or 100 cGy
depending on group.
* No effect on Ap
* GCRsim and gamma caused
sex-specific MRI and behavior
Spatial Y ) changes
atial memor maze), :
. . . Male and female AD-model p . ory z * GCRsim | VLCAD, Casp3,
5-ion GCRsim (H, He, O, Si, . . anxiety (EPM, OFT),
Fe): 0.5 or 0.75 G (APP/PS1) and WT mice; brain ot ting (PPI) GLUT4
:0.50r 0. ; ) nsorimotor gatin; , .
© © y (MRI, amyloid), heart and SENSOIMOTOT g4 g * Male Tg mice more affected  [138]
gamma rays: 0.75 or 2 Gy; Kid ( . rotarod, MRI volumes, gene looicall
idn ne expression, neurologi
whole-body irradiation . ey ene express 0_' expression (VLCAD, Casp3, enro O,g « y
fibrosis), plasma (cytokines) GLUT4), cytoki * GCRsim 1 hippocampal
, cytokines .
yro volumes and ventricular
enlargement
* Minor kidney/heart fibrosis
and altered cytokines
* GCRsim caused minor
cardiac changes
5-ion GCRsim (1H, 4He, 160, e 1 collagen and | TLR4 in
28Si, 56Fe); total dose of 500 BALB/c (male) and CD1 Cardiac structure/function, CD1 males mitigated by TGF-
mGy delivered over ~4.5h in (male/female) mice; cardiac  collagen deposition, [ inhibition
6 sequential beams; TGF-BRI tissue and plasma collected 12— capillary density, immune ¢ CD1 females showed 1 [139]

inhibitor (IPW-5371)
administered in diet pre- and
post-IR

20 weeks post-IR; cardiac
function via echocardiography

markers (CD2, CD4, CD45,
TLR4), TGF-31 expression

capillaries and | ventricular
mass

¢ Combined GCRsim +
inhibitor altered immune cell
marker profiles in both sexes
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¢ No sensorimotor deficits
detected
* Sex- and dose-specific

. . . . . changes in burrowing (1 at 15
5-ion GCR H 1000 MeV/n, S -t 1 beh :
ion sim ( eV/n Male and female mice: pecies-typical behaviors

He 250 MeV/n, O 350 MeV/n, b ing, ing,
€ eV/n eV/n undisturbed homecage UITOWINg, rooming

cGy in females) and grooming
(1 at 50 cGy in females)

Si 600 MeV/n, Fe 600 MeV/n); ] . rearing, nest building . [140]
behavior; hippocampus and * Nestlet construction
total dose of 5, 15, or 50 cG; (Deacon score); Neuroscore .
. o prefrontal cortex-related tasks differed by sex and dose
whole-body irradiation test battery (7 tasks)
® More robust female
performance
¢ Delayed effects subtle and
behavior-dependent
¢ | Dark period TST
sl hitecture (NREM, ¥ NREM
eep architecture ,
. . Male Wistar rats, sleep pa v e | REM
15 cGy (GCRsim; 5-ion . REM, TST), EEG spectral
. . . regulation and * | NREM delta power
simplified beam, 0.5 cGy/min . power (delta, theta, alpha, [141]
. thermoregulation systems . ¢ | REM theta power
over ~20 min) . sigma, beta bands), core
(brain, core body) ¢ 1 NREM/REM alpha and
body temperature (CBT) .
sigma power
* | CBT during light period
e | Mi 1 coll
' Micr'ovessel.integrity . i Dll\?fgessgz oTpeE
. Human 3D microvessel (angiogenesis, collapse), . . .
Total dose of 0.5 Gy delivered . ¢ | inflammatory signaling
] X . cultures (HUVEC-derived), DNA double strand breaks
over ~ 20 min (GCRsim; 5-ion . . . . . (TNF-q, IL-6) [142]
. o female C57Bl1/6 mice (liver, (53BP1 foci), mitochondrial . . .
simplified beam) . ) ¢ 1 mitochondrial function
heart, plasma, soleus muscle) function, inflammatory .
. rescue after miRNA
pathways (cytokines, ISGs) .
antagomir treatment
* Modest cognitive and
neuropathological effects of
GCRsim vs. sham
. Open field, rotarod, NOR, e Radiation interacted with
. . . . Male and female transgenic .
GCRsim (5-ion simplified ice (APP;E3F, APP;EAF) spatial novelty Y-maze; sex, genotype, travel
mice ; ’ ; ; . .
beam): total dose of 0.75 Gy; sham, traveled, and non- hippocampal AP pathology, ® GCRsim | plasma IL-6, [143]

gamma rays: 2 Gy; whole- ApoE, plasma cytokines, TNF-a, HDL
lipids; microbiome (165 ¢ Long-term microbiome
rRNA) shifts correlated with plaque

burden and memory

. L. traveled controls;
body irradiation .
hippocampus, plasma, feces

* ApoE genotype shaped
responses
Total dose of 10 cGy * 1 Risk-taking in females (|
(GCRsim; 1 GeV/n protons profitable choices at 30—-60
35%, 250 MeV/n protons 39%, days)
250 MeV/n helium 18%, 350 Male and female Wistar rats
MeV/n oxygen 6%, 600 MeV/n
silicon 1%, 600 MeV/n iron ¢ Performance recovery by 90
1%) days
* Mixed-ion exposure

Risk-taking propensity

RTP), decision-makin
( ) .g ¢ 1 Decision latency in males ~ [144]
performance, processing

(~2x slower at 30 days)
speed

. . disrupted hippocampal
H 1 inhibit
Male C57BL/6] mice; ippocampal inhibitory

hippocampus, cortex;

GABAergic signali
Total dose of 5 or 30 cGy (5- or eIsic signaiing

6-ion GCR simulation); whole-

synaptic activity, LFP

y . P . y, ¢ Slowed sharp-wave ripple

. . oscillations, spatial and [145]
) o electrophysiology, behavioral o . . frequency

body irradiation recognition memory, anxiety .

assays ¢ Impaired memory and 1

anxiety-like behavior at 30

cGy

behavior
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¢ 1 Pull duration

Total dose of 10 cGy Approach time, pull e Mild 1 approach time (some
(GCRsim; 74% protons, 18% Male Wist s duration, movement individuals) [146]
a istar ra
helium, 6% oxygen, 1% accuracy (misses/contacts), ® No significant change in
silicon, 1% iron) reach endpoint concentrationmovement accuracy or reach
concentration vs Sham at 72h
* | Switch task accuracy
—20%
Total dose of 10 cGy (. TPe)se crative errors
rseverative error:
(GCRsim; 1 GeV/n protons Task switching performance, .
o o . . i o (anterograde interference)
35%, 250 MeV/n protons 39%, Female Wistar rats stimulus-response training e 1 Failure to complete [147]
ailur m
4He 18%, 160 6%, 285i 1%, success, switch cost errors o P
training stages
56Fe 1%) .
* No change in response
times
AQP-4 ion (f I
Total dose of 50 cGy ; f IQ) expression (female
male
(GCRsim; 1 GeV/n protons BRB integrity (AQP-4, « 1 PECAM-1 .
-1 expression
17.5 cGy, 250 MeV protons ~ Male and female CD1 mice, PECAM-1, ZO-1 expression),( lo>f le) P [148]
male > female
19.5 cGy, 4He 9 cGy, 160 3 retina tissue oxidative stress (4-HNE), .| 701 .
-1 expression
cGy, 285i 0.5 cGy, 56Fe low apoptosis (TUNEL assay) L P
dose) * 1 Oxidative stress (4-HNE)
ose
* 1 Retinal apoptosis
Mitochondrial functi
S ey NG caaie M o
sim; 1 GeV/n protons c2 myoblasts, ES- xidative stress
35%, 250 MeV/n protons 39%, pluripotent cells, Hy926 Sgi?;éDHE)' clellsenescence ¢ 1 Senescence markers [149]
4He 18%, 160 6%, 285i 1%,  endothelial cells i ‘ ) nif)p ailfc * 1 Neoplastic transformation
56Fe 1%) ransformation ( ‘p markers (Afp-tdTomato)
tdTomato expression) P
o X- treat: t t d
X-rays (160 kVp): 0.1-1.0 Gy Tay pretreatment restore
replicative capacity and |
pretreatment, 8 Gy challenge; . .
. . cytosolic superoxide after
5-ion GCRsim [1000 MeV/n . . .
. Cell doubling time, MTT GCRsim
proton: 26.25 cGy; 250 MeV/n H9c2 rat cardiomyoblast cells; . . . .
. o ., .. viability, DHE/MitoSox * Strongest adaptive effect at
proton: 29.25 cGy, helium (250analyzed for viability, oxidative
. . fluorescence, TMRE, flow  0.5-1.0 Gy [150]
MeV/n): 13.50 cGy, oxygen  stress, and mitochondrial . . .
. . . cytometry (cell ® Mitochondrial metrics
(350 MeV/n): 4.50 cGy, silicon integrity : .
. size/complexity) unaffected
(600 MeV/n): 0.75 cGy, iron
* Supports low-dose X-ray
(600 MeV/n): 0.75 cGy]: 75 . .
hormesis as potential
cGy challenge
countermeasure
Protons (1 GeV, LET 0.24 * 50 & 200 cGy impaired
keV/um); 4He (250 MeV/n, object recognition and passive
eV/n, eV/um); 28Si ere
H B6D2F1 male and female mice recognition, forced swim, ]
(263 MeV/n, LET 78 keV/um) & t 1
eV/n, eV/um); . o . atterns in males
45Ti (1 GeV/n, LET 107 u (n=99); cortical and fear conditioning, passive }:M' bi " [151]
i eV/n, . L . icrobiome composition
KeV/um); 56Fe (1 GeV/n, LET hippocampal brain tissue, feces avoidance; BDNF, CD68, h di g 4
eV/um); e eV/n, . . . . changed in sex- and dose-
H (microbiome) MAP-2 (ELISA); microbiome §
151 keV/um); total dose of 25, 16S rRNA . dependent ways
50, or 200 cGy; rapid (165r sequencing) e Strong link between
sequential whole-body microbiota and behavioral
irradiation metrics
GCRsim [H (1 GeV); Si (600 Middle-aged male mice; Mem.or).f up.dat%ng, * 30 cGy GCR i.mpaired
MeV/n); He (250 MeV/n); O . . discrimination index (DI),  memory updating and LTP
hippocampus (CA1); object y up
350 MeV/n); Fe (600 MeV/n); . . . long-term potentiation ¢ 5 cGy had mild or no effect
“ g p Yy
location memory (“Objects in [152]

H (250 MeV)]; total dose: 5
cGy or 30 cGy; whole-body
irradiation

Updated Locations” task); LTP
analysis in hippocampal slices

(LTP), p-cofilin expression,
HDACS3 inhibition (RGFP
966)

¢ Systemic HDACS3 inhibition
reversed LTP impairment
* | p-cofilin suggests
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cytoskeletal mechanism

e First evidence of epigenetic
rescue of GCR-induced
synaptic dysfunction

4He (250 MeV/n, LET 1.6
keV/um): 10 cGy;

Male Wistar rats; performance Executive function measures:

5-ion GCRsim: 10 cGy; whole- assessed on ATSET (attentional time to solve tasks, error

¢ GCRsim and He exposure
both impaired SD stage of
ATSET

* GCRsim-exposed rats
required more time/iterations
to solve tasks

¢ PE | (50% slower than
pretest vs. 30% improvement

body irradiation of male set shifting) and UCFlex rate, cue relevance in sham) [153]
in sham
Wistar rats; comparisons (unconstrained cognitive discrimination, practice .
. . o . ¢ UCFlex deficits also
between single-ion (He) and flexibility) tasks effect (PE) analysis observed
complex-ion (GCRsim) groups o
¢ Findings suggest
diminished cognitive
flexibility and | learning from
repetition after space-
radiation exposure
AllIR t induced CMV
Gamma (137Cs): 0.1-2.0 Gy; i y t,ype,s 12 uee L
reactivation in dose- and time-
proton (150 MeV, LET 0.54 .
. dependent fashion
keV/um): 0.1-2.0 Gy; carbon Latently CMV-infected o . . )
. : CMYV reactivation via DNA e GCRsim triggered UL49
ion (600 MeV/n, LET 9.18 Kasumi-3 human myeloblast o i
] . . o qPCR; cell viability and upregulation (logFC 1.48)
keV/um): 0.1-2.0 Gy; iron ion cells; viral load, cell viability, . [154]
. . morphology; gene * Carbon/iron led to strongest
(600 MeV/n, LET 172.4 cell size, genomic and .
. . . expression (UL49) CMV load
keV/um): 0.1-2.0 Gy; GCRsim transcriptomic assays . Lo
. . p . * No genomic variation
(simplified 6-beam field): 0.1- s .
20G ¢ Cell viability and size
i affected by LET
¢ 1 ductal overgrowth, 1
mammary tumors (24% vs.
5%)
7-ion GCRsim (1H, 2He, 6C, . . Mammary tumor incidence, e t serum estradiol, ERa,
i i Female Apc"Min/+ mice; .
160, 28Si, 44Ti, 26Fe; 20-1000 hole-bodv irradiated ductal morphology, serum ERRa, SPP1 expression
whole-body irradiated; . .
MeV/n); chronic exposure: y estradiol and SPP1, ¢ Estrogen and inflammatory  [155]
mammary tissues and serum . . . .
2.08 cGy/day x 6 days/week x llected 100-110 d +IR ERa/ERRa expression signaling linked to
collecte — ays post-
4 weeks (total 50 cGy) ySP (IHC/qPCR) tumorigenesis
¢ Conserved expression
patterns in human breast
cancer tissues
¢ Chronic GCR impaired
memory updating in both
sexes
Obiject i dated locati
33-ion GCRsim (H, He, C, O, © []? E) m UPI a; toca on- Acute exposure disrupted
, novel objec . . .
Si, Ti, Fe, and others; various C57BL/6] mice (n=178 male, 91 ition (N O]R) Lioht excitatory synaptic signaling
recognition , light— :
LETs and energies); acute female); hippocampus, mPFC, d kgb (LDB) . ‘? e LTP | in both sexes
ark box , socia . .
dose: ~40 cGy in 2 h; chronic corpus callosum; behavioral, e Chronic GCR thinned PSD [156]

dose: ~50 cGy over 24
sessions; whole-body

electrophysiological, and EM
analyses
irradiation

interaction (SIT), tube
dominance; LTP,
sEPSC/sIPSC, EM (PSD,
myelin)

in large spines, altered
myelination in small/large
axons

* Sex-specific deficits in
behavior and synaptic
function
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33-ion GCRsim (H, He, C, O,
Si, Ti, Fe, etc.; 40-49.9 cGy
total); acute dose: 40 cGy in 2

Male C57BL/6 mice; prefrontal
cortex (PFC); touchscreen-

Touchscreen-based economic
demand and psychomotor
vigilance tasks; PFC

* No change in motivation,
but attentional deficits and
slowed reaction times in GCR
groups

* DA signaling blunted in
PEC

e Chronic GCR 1 all
neurotransmitters under

. based cognitive tasks; in vivo dopamine (DA), 5-HT, NE, . . [157]
h; chronic dose: ~50 Gy over 4 . . . stimulation
PFC microdialysis with LC- Glu, GABA levels; network .
weeks; whole-body . e Acute and chronic GCR
. . MS/MS modeling and Granger . .
irradiation causali reorganized neurotransmitter
ty networks (DA, 5-HT, NE)
* DA-GABA-GIlu connectivity
disrupted
* Suggests persistent PFC
network dysfunction
* Acute exposure caused
Mal df le C57BL/6] slower, more circuitous return
ale and female
33-ion GCRsim (H, He, C, O, . hole-bodv irradiated at Open field progression, paths under light conditions
mice; whole-body irradiated a . ] .
Si, Ti, Fe, etc.); acute dose: 40 y . stopping behavior, home ® Chronic exposure had less
. . 6 months; open field behavior . . . [158]
cGy in 1 day; chronic: 50 cGy 43545 th A base clustering, speed, path disruption
assessed 3.5-4.5 months post-
over 24 days (2.08 cGy/day) R P circuity, edge preference ¢ Light-dependent deficits in
spatial navigation emerged
only with acute irradiation
e GCRsim dose- and
schedule-dependent 1 in lung
33-ion GCRsim (H, He, O, Sj, adenocarcinoma
Ti, Fe, etc.) + t 10 Chroni > t
I, Fe, etc.) £ neutrons ( K-rasLA1 lung cancer- Adenocarcinoma incidence, * -ronic exposure = acute
cGy); acute (1.5-2 h) or . - . . ¢ 10 ¢cGy neutrons post-
) susceptible mice (male/female); premalignant lesion . :
chronic (4-6 week) exposure . . . . ., GCRsim 1 malignancy [159]
lung tissue and plasma; 1-year number/size, survival, lipid X .
to 50, 75, or 100 cGy; 10 cGy follow-up and histolo eroxidation (MDA assay) * No survival impact except
W-
neutron added 6 mo after p 8y p y with neutrons
acute 75 cGy GCRsim * Lesion size 1 at 100 cGy
¢ Implications for Mars
mission cancer risk
e GCRsim caused deficits in
. . cognitive flexibility and |
L t d t
. . 6-month-old female C57BL/6] ocation 1scr1m1f1a ron DCX+ neurons
33-ion GCRsim; acute dose: . reversal (LDR), stimulus— .
mice; 14.25-month follow-up; * CDDO-EA mitigated LDR
0.75 Gy over ~1.5 h, whole- response . .
k Lo o dentate gyrus, cortex; . . ., impairments [160]
body irradiation + antioxidant acquisition/extinction, social . L
touchscreen and arena-based . . . * Anxiety, sociability, and
CDDO-EA pre/post . interaction, NOR, open field, i
behavioral tests . locomotion unaffected
DCX+ neurogenesis index . .
¢ Female resilience differed
from male studies
¢ 33-GCR did not alter NOR
or anxiety but blunted
preference for social novelty
CDDO-EA did not t
. . Male C57BL/6] mice (n=22-  Sociability, social novelty * . 16 not preven
33-ion GCRsim: acute dose: 24/ ); behavi field ; . ik this effect
roup); behavior: open field, preference, anxiety-like
0.75 Gy over 1.5 h; whole- group P P y « CDDO-EA+GCR also [161]

body irradiation

EPM, NOR, 3-Chamber Social
Interaction (3-CSI)

behavior, object recognition
memory (NOR)

impaired sociability

¢ Findings highlight CNS
vulnerability to complex
mixed-field space radiation
and need for targeted
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neuroprotective
countermeasures

¢ 1 Ductal branching and

hyperplasia

Total d f 50 cG ¢ 1 Cyclin D1+ cell

ota .ose N ¢ y, . i . Ductal proliferation, ductal ! . ye 1r.1 ce
(GCRsim; 33 beams including Female Apc n/+ mice, . proliferation
. . . overgrowth, preneoplasia . [162]
7 ion species across 20-1000 mammary gland tissues * 1 Spp1 expression (gene and
markers (Sppl, Rrm2) .

MeV/n) protein)
® 1 Rrm2 expression (mRNA
and protein)
® Marked synergistic 1 in
transformation when protons

Protons (1 GeV); titanium ions preceded HZE by 15 min

(1 GeV/n, LET 108.1 keV/um) . . ¢ Effect evident even at 1 cGy

L Neoplastic transformation
or iron ions (1 GeV/n, LET . proton + 20 cGy HZE
. . (anchorage-independent . .
151.3 keV/um); protons: 0-20 Primary human fibroblasts . * Split doses of same ion [163]
growth in soft agar); . R .

cGy; HZE dose: 20 cGy; . ) species did not replicate

. . clonogenic survival
sequential exposure with 15 synergy
min delay; * Results emphasize protons'

role in sensitizing to
subsequent HZE exposure
* Marked synergistic effect
when protons preceded Fe or
Protons (1 GeV/n); iron or Ti by 2.5 min-1 h (Fe) or up to
titanium ions (both 1 GeV/n; ~6 h (Ti)
Fe LET 151.3 keV/um, Ti LET . ¢ Transformants per survivor
. Anchorage-independent o o
108.1 keV/um; protons: 20 Primary human neonatal ~3x additive prediction
. . growth (soft agar assay); [164]
cGy; Fe or Tiions: 20 cGy; 2.5 fibroblasts . . * No synergy when HZE
. . clonogenic survival . :
min to 48 h in-between delivered first or at longer
irradiations; reverse order intervals
also tested e Survival unaffected,
suggesting transformation-
specific interaction
¢ Highest aberration
frequency observed at 30 min
int 1
Protons (1 GeV/n, 0.5 . fterva .
Gy/min): 2Gy; Fe i a Chromosome aberrations * Dual exposure yielded more
min): ; Fe ions .
GYV/ G 7 0): 075 G (mBAND on chromosome 3); damage than predicted sum
eV/n, min): 0. ; - . .

. y . Y Human mammary epithelial  intra- and inter- * Supports enhanced
sequential exposure with . [165]
intervals of 2. 30, or 60 cells (CH184B5F5/M10) chromosomal exchanges;  susceptibility to Fe damage
intervals of 2, 30, or

) inversion, deletion, during early repair phase
minutes; cells kept at 37°C .
translocation frequency post-proton exposure
between exposures . .
* Synergy likely driven by
interaction of partially
repaired lesions
S -d dent cardi
Protons (1 GeV, LET 0.223 eque'nce epen. n .car 1ac
L . effects: increased fibrosis and
keV/um): 3 x 17 cGy; Cardi 1 tem ( . Mpyocardial infarction model;LV h trophy (56Fe+1H)
ardiovascular system (murine ertro e
56Fe (1 GeV/n, LET 1514 Y echocardiographic and yp' phy [166]
heart) ] ] ] * Impaired post-MI recovery
keV/um): 15 cGy; whole-body histological evaluation . . .
. . and increased infarct size
irradiation
(1H+56Fe)
AGO01522 normal human skin * Direct exposure — similar
Prot 1 GeV, : 1 cGy; Mi 1 f ti d
rotons (1 GeV/amu): 1 <Gy fibroblasts; co-culture transwell ieronuciens formation an DNA damage levels [167]

Fe ions (1 GeV/amu): 1cGy;

system for bystander analysis

53BP1 foci induction in

regardless of single or
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applied sequentially with

irradiated and bystander

combined exposure

intervals from 3 min to 24 h cells * Bystander response
unchanged in signaling cells
® Prior proton exposure
suppressed bystander
response in recipient cells
® Marked synergistic effects
in co-exposed fibroblasts and
keratinocytes
UV-B: 25-100 J/m?; prot
(LET ~4.7 k V;/m )%rZSOr(I)SS Human non-malignant cells: DNA damage (YH2AX, * 1 YH2AX foci, pan-nuclear
~4.7 keV/um): 0.25-0.
a HaCaT keratinocytes, Hs27 dicentrics), gene expression, staining, stress gene
Gy; gamma rays: 0.5 Gy; . o : L [168]
. . fibroblasts, CRL 9855 viability (MTS, LDH), upregulation, and | viability
sequential exposure (<20 min T . . .
9 monocytes, PBMCs genomic instability * Synergy less evident in UV-
apar
P B-sensitive monocytes
e Gamma + UV-B mimicked
proton + UV-B responses
e Chronic mixed-field
Neutrons (5 MeV p/d on Be ] ]
exposure impaired novel
target, LET 10-200 keV/um): : o
object recognition
0.33 Gy; photons « Acute GCRsim |
cute sim
(concomitant): 0.07 Gy (acute); C3H male and BALB/c female . . .
. . . Open field (anxiety, exploratory behavior
neutrons/photons (*?Cf, LET mice; behavioral testing 400— . . . .
L exploration), novel object ¢ Fractionated GCRsim —
~100 keV/um): 0.4 Gy total at 600 days post-IR; aspirin tested . [169]
| ) . o recognition, contextual/cued trend toward lower fear
<1 mGy/day (chronic); as dietary intervention in some . K
] o fear conditioning learning
GCRsim (H, He, C, O, Si, Ti, groups s o .,
] i . ¢ Aspirin failed to mitigate
Fe ions, various energies): 0.4 .
) radiation effects and
Gy (acute ~2 h or 19 fractions . o\
worsened object recognition
over 1 month) .
in sham controls
¢ 1 GI tumor incidence
. (adenoma & carcinoma)
Tumor burden, carcinoma
Gamma rays (137Cs source, . ¢ 1 Senescence & SASP
097 Gy/min): 2 G Male Apc"1638N/+ mice frequency, senescent cells (P16+/1L6+)
~0. y/min): 2 Gy; . . . P
C57BL/6), gastrointestinal 16+), SASP (IL6+), cytok . . 170
28Si-ions (300 MeV/n, 69 ( ith 1./ ), gastrointestina (p16+) . [5( : )_ cytofane 1 Systemic cytokines [170]
epithelium expression, B-catenin
keV/umy): 0.1 Gy P P . (TNFRSF1B, CCL20, etc.)
signalin
& & ® 1 B-catenin & cyclin D1
* Mitigated by ABT-263
* Synergistic increase in
X-rays (190 kVp): 0-2 Gy; Chromosoma.l aberrations and
ene expression across
alpha particles (LET . Chromosomal aberrations, & P
Human peripheral blood . seasons
90.9 keV/pum): 0-2 Gy; . mMRNA expression (FDXR, .
. lymphocytes (2 male donors, in ¢ Alpha > X-ray effectiveness  [171]
mixed beam (X-rays + Alpha, ~. CDKN1A, MDM2), X . .
. vitro) . oo * No synergism in alternative
1:1 dose ratio): 0-2 Gy total alternative transcription .
(0-1 Gy each component) franscription
y P ¢ Inter/intra-donor variability
observed
Multipl istic effect
Galactic cosmic rays (GCRs); . LHpIe Synerglstic erects
. v circadi inferred
microgravity, circadian . .
,IC og. ViH, cireadt Multi-system effects: * Persistent chromosomal
disruption, and other . . . . . . .
spaceflicht stressors: One monozygotic twin in space transcriptomic, epigenetic, inversions (DNA damage),
e}s)timateg 1 GCR dosel: 76 mGy (TW) vs. Earth-based twin proteomic, metabolomic, gene dysregulation, telomere [172]

(physical), ~146 mSv
(effective) over 340 days;
complex exposure mix
including HZE particles;

(HR); human longitudinal, immune, cardiovascular,

multi-omics profiling ocular, microbiome,

cognitive

elongation — rapid
shortening

e Altered immune networks,
inflammation, cognitive
decline
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environmental stressors act in ¢ Consistent with complex
parallel biological interaction of

radiation with other
spaceflight stressors

3.1. Radiobiological Studies

3.1.1. Combinations of Non-lonizing and Ionizing Radiation

Table 1 compiles several studies on combined exposures, with many reporting significant
synergistic effects from pairing UV radiation with X-rays, y-rays, (3-particles, or protons [1-15]. In
one such study, no detectable synergy between UV and X-rays was observed among investigated G-
phase human lymphocytes, as dicentric chromosome yields were equivalent to those from X-rays
alone. This suggests that Gi-phase cells may possess sufficient DNA repair capabilities to
independently manage lesions induced by each modality, preventing interactive effects [1]. In
contrast, when Go-phase human lymphocytes were examined, a pronounced ~2-fold increase in
dicentric chromosome formation was observed when UV and X-rays were applied within 30 seconds
of each other. The synergy was independent of exposure order, indicating a likely mechanistic
overlap in lesion processing or repair pathway inhibition [2].

Expanded analysis of the role of timing revealed that when UV irradiation preceded X-rays, the
synergistic induction of dicentrics remained constant across time intervals up to 90 minutes. In
contrast, when X-rays were administered prior to UV, the synergistic effect decayed exponentially
with a half-life of approximately 20 minutes. This suggests that short-lived DNA lesions generated
by X-rays may be critical for synergistic exchange formation and are subject to rapid repair or
dissipation. Lesion persistence and repair kinetics thus play an important role in controlling the
extent and nature of interactive radiation responses [6].

In human peripheral blood lymphocytes, sequential exposures to UV and X-rays induced
dicentric chromosome yields up to two-fold higher than X-rays alone, with the order and timing of
exposure critically modulating the magnitude of the effect [7]. In HeLa cells, UV and X-rays were
shown to induce distinct but complementary forms of damage—X-rays causing chromosomal
fragmentation, and UV leading to DNA synthesis and elongation of chromosomes. Their
combination intensified cellular damage profiles, supporting the concept that synergy can result not
only from lesion overlap but also from convergence of disparate stress responses [9].

Altogether, these studies demonstrate that synergistic interactions between UV and X-rays are
highly dependent on factors such as cell cycle stage, DNA repair competence, order of exposure, and
the biochemical nature of radiation-induced lesions. These parameters must be carefully considered
when evaluating the risks or therapeutic potential of mixed radiation exposures.

Beyond mammalian systems, synergistic interactions were also noted in microbial models. For
instance, in bacteria, UV pretreatment sensitized Escherichia coli to X-ray-induced lethality,
particularly in wild-type and uvr mutants. In contrast, no synergy was detected in recA, recB, and
polA mutants, implicating DNA repair mechanisms in mediating interaction [3,4]. In yeast models,
UV exposure prior to gamma irradiation resulted in more than 100-fold reductions in survival
beyond additive predictions [10], whereas UV pretreatment enhanced the lethality of (3-radiation in
E. coli and Salmonella, with synergy abolished upon photoreactivation [14]. The combination of UV
and proton radiation also produced synergistic decreases in bacterial survival when UV preceded
protons, suggesting order-dependent DNA repair interference [15].

In Schizosaccharomyces pombe, gamma and UV-C exposure produced strong synergy in wild-type
cells but not in recombination-deficient mutants, implicating homologous recombination in
mediating interaction [10]. Applied microbial studies further demonstrated that combined UV and
gamma radiation increased antifungal activity and mutagenesis in Bacillus strains used in
bioindustrial screening, including enhanced secondary metabolite profiles [12].
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While many of these interactions amplify biological damage, some combinations exhibit the
opposite effect. Notably, in a full-thickness human skin model, pre-irradiation with water-filtered
infrared-A radiation (WIRA, a subtype of near-infrared radiation) prior to X-ray exposure
significantly attenuated the DNA damage response, as evidenced by reduced YH2AX and 53BP1 foci.
This was accompanied by lowered pro-inflammatory cytokine expression and preserved tissue
viability [16]. Thereby, wIRA may be of a certain importance in activating adaptive or protective
signaling pathways, offering a potential avenue for radioprotection in normal tissues. Mixed
radiation exposures therefore carry a dual potential —to either amplify or mitigate biological damage
depending on wavelength, timing, and cellular context.

3.1.2. Combinations of Non-lonizing Radiation Types

In Table 2, synergistic effects were reported for UV-UV and UV-visible light combinations. For
instance, simultaneous UV-A and UV-B exposure in E. coli produced 100-fold greater inactivation
than UV-B alone, mediated by s*U modifications in tRNA [18]. In human skin tissue models,
simultaneous exposure to UV-B, UV-A, and near-infrared light produced marked synergistic effects
on photoaging biomarkers, oxidative stress, and gene expression. These responses were distinct from
those induced by single or sequential exposures, suggesting molecular cross-talk across
photoreactive pathways, including MAPK signaling and DNA repair [21].

In a study involving ragweed-allergic patients, combined UV and visible light exposures
significantly inhibited allergen-induced wheal formation, whereas neither UV-A nor visible light
alone produced this effect. The mixed exposure (mUV/VIS) showed a strong, dose-dependent
suppression of mast cell-mediated responses, even at suberythematous doses [33].

Additional synergistic effects were observed in diverse biological systems. In tomato plants, UV-
B and UV-C exposure enhanced disease resistance and antioxidant gene expression [20]. Marine
invertebrate models exposed to long-term UV-A and UV-B irradiation exhibited reduced
reproductive and feeding capacity [22], demonstrating chronic toxicity. In environmental disinfection
studies, complete microbial inactivation of Enterococcus faecalis and E. coli was achieved in synthetic
water matrices using dual-UV systems, with synergy modulated by fluence and pH [27].
Furthermore, predictive modeling of microbial inactivation revealed that combining UV-C radiation
from excimer lamps (222-285 nm) with low-pressure mercury lamps (254 nm) produced the highest
energy efficiency, supporting a dose- and sequence-dependent basis for synergy [29].

These results indicate that non-ionizing radiation combinations can, at times, amplify biological
effects through complementary damage mechanisms or overlapping signaling responses. The
diversity of observed outcomes across bacterial, plant, invertebrate, and human systems accentuates
the broad applicability of these combinations—from environmental sterilization to therapeutic and
dermatological contexts. Additive and supra-additive effects, depending on exposure configuration
and biological context, reinforce the importance of wavelength interaction in determining damage
outcomes across both experimental and applied settings.

3.1.3. Combinations of Ionizing Radiation Types

Table 3 presents extensive data on combinations of ionizing radiation types —particularly alpha
particles, X-rays, gamma rays, protons, and neutrons. These studies reveal a broad range of
interaction outcomes, with synergistic effects being frequently observed across multiple biological
endpoints.

A recurring finding involves persistent or amplified DNA damage responses. In human
peripheral blood lymphocytes, combined alpha and X-ray exposure induced a significant increase in
complex chromosomal aberrations, with evidence of non-additive interactions and a linear-quadratic
dose-response relationship at higher combined doses [39]. In U20S osteosarcoma cells, alpha and X-
ray co-exposure resulted in delayed decay of small and large 53BP1 foci, along with prolonged ATM
and p53 signaling. These findings suggest a synergistic disruption of DNA repair kinetics, with the
most pronounced effects observed at lower total doses [42]. Similar synergy was observed in other
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beam combinations, including alpha followed by gamma radiation, where foci were larger and more
persistent than in the reverse sequence [49].

Mixed-exposure effects on clonogenic survival varied substantially by system and irradiation
parameters. In V79 Chinese hamster lung fibroblasts, neutron—-gamma co-exposure produced supra-
additive reductions in survival, particularly under simultaneous delivery. Survival curves fitted
better with quadratic models, indicating interaction between damage types [71]. In rat lung epithelial
cells (LECs), combined alpha (high-dose, 1 Gy) and X-ray exposure eliminated the survival curve
shoulder and reduced clonogenic survival beyond additive expectations. Micronuclei frequencies
were also elevated under combined exposure, consistent with non-linear interaction effects [41]. In
contrast, a study in Chinese hamster ovary (AA8) cells using mixed alpha and X-ray beams reported
no evidence of synergy, with survival data aligning closely with predictions from mathematical
additivity models [36]. This difference illustrates the context-dependent nature of mixed-radiation
effects, where factors such as cell type, DNA repair capacity, dose composition, and exposure
geometry critically shape biological responses. It shows why system-specific investigations are
essential when evaluating potential synergy in combined radiation settings.

At the transcriptional level, combined radiation exposures modulated key stress and damage
response genes across multiple systems. In human lymphocytes, combined alpha—X-ray exposure
increased FDXR, GADD45A, and MDM2 expression beyond levels induced by alpha radiation alone
in most donors, with synergy confirmed in 3 out of 4 cases using envelope-of-additivity analysis.
Furthermore, ATM inhibition reduced this response, implicating checkpoint signaling [38]. Neutron-
photon mixtures elicited strong transcriptomic effects even at low neutron fractions. In murine
models, as little as 5% neutron contribution suppressed EIF2/mTOR signaling and ribosomal protein
expression—alterations not observed with X-rays alone [55]. In human peripheral blood, increasing
neutron percentages led to enhanced TP53 signaling and broader immune dysregulation [60]. Other
studies reported dose-dependent modulation of BAX, DDB2, and FDXR expression following
neutron-gamma co-exposure [75]. Mixed radiation fields can thus reshape transcriptional networks
even in the absence of overt cytotoxicity, reflecting subtle but potentially consequential molecular
responses.

Beyond transcriptional responses, several studies show that mixed-field irradiation can also
trigger broader cellular and physiological adaptations. In murine blood cells, neutron-gamma
exposure altered membrane architecture and lectin-binding patterns, with lymphocytes and platelets
showing the most marked ultrastructural remodeling [73]. In separate mouse models, combined
exposures impaired hippocampus-dependent memory and shifted neuroimmune profiles toward an
anti-inflammatory state [74]. These organism-level effects reinforce observations at the cellular and
molecular levels, and underline the significance of mixed-field research in clinical and spaceflight
contexts, where heterogeneous radiation fields are the norm.

A rare entry in the dataset examined neutron—proton co-exposure in human breast cancer cell
lines, offering insight into mixed-beam effects on cancer stem cell (CSC) populations. The response
varied by cell line: CSC fractions declined additively in MCF-7 cells but antagonistically in MDA-
MB-231, with no significant changes in canonical stemness gene expression [80]. This study stands
out as one of the few to explore neutron—proton co-exposure, emphasizing the need to investigate
underrepresented beam combinations that may yield distinct biological responses relevant to
radiation protection and therapy.

Additional underrepresented combinations include alpha—beta inhalation in rats, which elicited
additive impairments in pulmonary function [52], and mixed radionuclide exposure in plants, where
barley grown in contaminated soil accumulated mutations at rates exceeding those predicted by dose
alone [53]. Though differing in species and context, these models reflect real-world exposure
scenarios—from internal contamination to chronic environmental irradiation—and illustrate why
investigating complex mixtures that challenge conventional assumptions about radiation risk
matters.
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3.2. Therapeutic Studies

The therapeutic potential of mixed radiation modalities is explored in a wide variety of
publications, ranging from clinical trials to preclinical and in vitro studies. These studies, compiled
in Table 4, reveal nuanced biological outcomes depending on beam combinations, timing,
sequencing, and tumor context.

Clinical investigations involving mixed proton—carbon ion therapies have demonstrated
encouraging results in managing difficult-to-treat malignancies. In locally advanced pancreatic
cancer (LANC), a mixed-beam regimen of proton therapy (50.4 GyE) and a carbon ion boost (12-18
GyE) yielded a 1-year overall survival of 80% and median survival of 17.3 months without dose-
limiting toxicities, suggesting carbon ions may enhance local control over protons alone [86].
Similarly, in skull base and cervical spine chordomas and chondrosarcomas, a combined Intensity
Modulated Proton Therapy (IMPT) and Intensity Modulated Carbon Therapy (IMCT) approach
achieved 2-year local control of 86.2% with low-grade toxicities, although outcomes declined with
larger tumors or re-irradiation [87]. For small cell lung cancer, a regimen combining protons and
carbon ions with concurrent chemotherapy proved feasible, with a 2-year OS of 81.7% and
manageable toxicities [88].

Preclinical models offer mechanistic insights into these effects. In Chinese hamster fibrosarcoma
cells, sequential carbon-to-proton irradiation with a 45% carbon contribution induced significant
synergy, while reversing the order diminished the effect or led to antagonism, indicating how dose
fraction, timing, and sequence modulate therapeutic efficacy [89]. A related study using mixed
160/28Si/proton beams demonstrated that elevated high-LET contributions suppressed cell survival
more effectively, especially when delivered before protons. Notably, a proton-to-high-LET sequence
permitted partial recovery, reinforcing the importance of beam order [92].

Several studies evaluated neutron-based combinations. Fast neutron therapy followed by proton
boost in salivary gland tumors produced high local control (89.7%) with acceptable toxicity, albeit
with notable late effects such as vision and hearing loss [91]. In another, murine study, neutron-
proton sequencing influenced both toxicity and tumor outcomes in solid Ehrlich ascites carcinoma.
Neutron-first exposures exacerbated skin damage and reduced survival, while the reverse sequence
was better tolerated [93]. These findings were echoed in vitro, where neutron-before-proton
combinations consistently outperformed proton-first in reducing clonogenic survival, supporting the
sequence-dependent efficacy of mixed-beam regimens [94].

Efforts to combine external beam therapy with biologically targeted or nanotechnology-
enhanced modalities have also shown promise. In mouse xenograft models, combining proton
irradiation with 177Lu-labeled targeted radionuclides produced additive or synergistic tumor
suppression, depending on cancer type [90]. Photodynamic therapy (PDT) integrated with photon
radiotherapy (RT) has shown synergistic antitumor effects across diverse preclinical models. Studies
using bladder cancer organoids, pancreatic co-cultures, and xenograft systems demonstrated
enhanced tumor suppression via multimodal cell death, improved DNA and membrane damage,
and—in some cases—increased immune infiltration. PDT efficacy was further potentiated using
nanoparticle carriers or photosensitizers such as indocyanine green (ICG), supporting its
radiosensitizing potential across tumor types [97-101]. X-ray-triggered UV-C via nanoscintillators
further potentiated DNA damage and cell killing, particularly in UV-sensitive fibroblasts, suggesting
a potential radiosensitization strategy [102,103].

In prostate and nasopharyngeal cancer, clinical application of mixed beams combining photon-
based IMRT with carbon ions or protons reduced toxicity and preserved efficacy. These regimens
yielded favorable PSA kinetics and quality-of-life scores, and in some cases reduced radiation doses
to organs at risk compared to IMRT-only protocols [105-107]. Similar approaches using photon-
electron VMAT combinations improved sparing of cardiac and pulmonary tissues in breast cancer
radiotherapy, highlighting dosimetric advantages of multi-modality planning [108].

Some studies focused on biological outcomes in the context of boron neutron capture therapy
(BNCT), which typically combines high-LET components such as thermal, epithermal, or fast
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neutrons with accompanying low-LET gamma or X-ray radiation. Across in vitro models, these
mixed-field exposures generally produced additive effects, particularly in survival outcomes
following alpha—gamma or neutron-gamma co-irradiation [120,121]. However, one study reported
sequence-dependent synergy when alpha particles and X-rays were delivered simultaneously at
higher alpha doses, suggesting interference with DNA repair capacity [122]. Additionally, BNCT-
associated mixed-beam exposures induced spatially clustered and persistent DNA damage,
particularly in wild-type but not repair-deficient cell lines, emphasizing damage complexity as a key
determinant of biological response [123].

Taken together, these studies show that combining radiation modalities can improve tumor
control, reduce side effects, and help elucidate mechanisms of cell damage. The choice of beams, their
sequencing, and the tumor environment all play a decisive role in shaping outcomes—supporting
the case for ongoing research into mixed-field radiotherapy.

3.3. Space Radiation Studies

The biological complexity of space-relevant radiation exposures has been increasingly modeled
using mixed-field simulations of galactic cosmic rays (GCRs), incorporating protons, helium, and
high-LET heavy ions such as oxygen, silicon, titanium, and iron. These ion combinations, delivered
either acutely or fractionated over time, approximate the heterogeneous radiation profile
encountered beyond low Earth orbit.

A central point discussed in related publications presented in Table 5 is the vulnerability of the
central nervous system (CNS) to structural, behavioral, and synaptic disruptions following GCR-like
exposures. Multiple studies using simplified and complex GCRsim beams reported dose- and sex-
specific deficits in short-term memory, spatial learning, and cognitive flexibility at total doses as low
as 15-50 c¢Gy [129,130,136]. These effects were associated with dendritic simplification, reduced
mushroom spine density, and altered expression of synaptic proteins such as GluR1, NR2A, and
Synapsin-1. In another 5-ion beam study, male-specific cognitive impairments were causally linked
to activated microglia and hippocampal synaptic remodeling, with early circulating monocyte levels
serving as predictors of late-stage spatial learning deficits [137].

Other studies focused on complex behaviors, including grooming, burrowing, and risk-based
decision-making, where low-dose GCRsim exposure produced sex-dependent performance shifts
and increased risk-taking in females [140,144]. In related work using a touchscreen-based switch task,
female rats exposed to 10 cGy of GCRsim showed reduced task-switch accuracy (~20% below
controls), increased perseverative errors, and a higher failure rate during training stages that required
greater cognitive load [147].

Larger ion fields, including 33-ion GCR simulations, reinforced these CNS findings. Chronic and
acute exposures impaired memory updating and object recognition in a sex-dependent manner.
Long-term potentiation (LTP) was reduced, and changes in postsynaptic density and axonal
myelination were observed [156]. Complementary touchscreen-based testing showed that male mice
developed attentional deficits and slower response times, alongside disrupted prefrontal dopamine
signaling and altered neurotransmitter network organization [157]. Importantly, one study utilizing
6-ion exposures demonstrated that pharmacological HDACS3 inhibition reversed LTP deficits and
restored behavioral performance, identifying an epigenetic pathway of functional recovery [152].

Parallel investigations assessed cancer risk and tissue remodeling under space-relevant mixed
radiation. In K-rasLA1 mice, chronic 33-ion GCRsim exposure increased lung adenocarcinoma
incidence, an effect further enhanced by a delayed neutron dose [159]. In Apc"1638N/+ mice,
combined gamma and silicon ion exposure elevated gastrointestinal tumor burden, senescence-
associated signaling (p16, IL-6), and -catenin pathway activation, with these effects mitigated by
senolytic treatment [170]. Mammary gland studies in Apc*Min/+ mice showed increased ductal
hyperplasia and overgrowth, along with elevated expression of ERa, ERRa, and SPP1—markers
associated with estrogen signaling and tumor development [155,162].
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Mechanistic studies in primary human fibroblasts and epithelial cells revealed that exposure
timing critically shapes biological outcomes following mixed-beam irradiation. When proton
exposure preceded titanium or iron ions by as little as 15 minutes, a strong synergistic increase in
anchorage-independent growth was observed—even at near-threshold doses—an effect not
replicated by same-ion split doses or reversed sequences [163]. This pattern was reinforced in
neonatal fibroblasts, where transformation rates were up to three times higher than additive
predictions when protons were followed by HZE ions within a 2.5-minute to 6-hour window, but not
when the order was reversed [164]. In human mammary epithelial cells, chromosome aberration
frequency peaked when iron was delivered 30 minutes after protons, revealing the role of unresolved
proton-induced DNA lesions in sensitizing cells to complex damage from subsequent high-LET ions
[165].

Radiation-induced cardiovascular and systemic effects were documented across multiple
models. In WAG/RijCmcr rats, whole-body exposure to a mixed field of protons, silicon, and iron
ions led to perivascular cardiac fibrosis, increased systolic blood pressure, and infiltration of CD68+
macrophages in the heart and kidneys—effects not observed with single-ion exposures [133]. In
BALB/c and CD1 mice, 5-ion GCRsim caused sex- and strain-specific changes in cardiac structure,
including increased collagen deposition, altered capillary density, and modulation of immune
markers such as CD2 and TLR4 [139]. Another study using a myocardial infarction model showed
that the sequence of proton and iron irradiation significantly influenced myocardial fibrosis and
infarct size, with proton-first exposure exacerbating cardiac damage [166]. Peripheral immune
alterations included changes in leukocyte profiles and phagocytic activity, with notable sex-specific
transcriptional shifts [135]. Additional GCRsim studies reported reduced circulating cytokines and
genotype-dependent inflammatory responses, reinforcing the relevance of immune modulation
under space radiation [143].

Studies also implicated the microbiome as a sensitive and interactive component. In several
mouse models, microbiota composition changed after GCRsim in a sex- and dose-dependent manner
and correlated with cognitive and affective outcomes [131,151]. Gut-brain signaling may thus
amplify radiation effects on neural circuitry and behavior.

Other systemic interactions included viral reactivation, endocrine modulation, and altered
intercellular communication. In latently infected human myeloblasts, GCRsim and high-LET ions
reactivated CMV and induced viral gene expression in a dose- and LET-dependent fashion [154]. In
co-culture systems, proton pre-exposure suppressed the bystander response to iron ions in human
fibroblasts, underscoring the impact of prior radiation history on intercellular signaling dynamics
[167].

A uniquely translational lens is provided by the emblematic NASA Twins Study, which
evaluated one astronaut exposed to chronic spaceflight stressors, including ~76 mGy of estimated
GCR, over 340 days. Multi-omic profiling revealed persistent chromosomal inversions, immune
dysregulation, cognitive decline, altered microbiome signatures, and telomere dynamics (elongation
followed by rapid shortening). These effects —many of which mirror patterns in rodent and cellular
GCR models—support the idea that space radiation interacts synergistically with other flight
stressors, such as microgravity, circadian disruption, and isolation.

Finally, several studies evaluated countermeasures for radiation-induced damage. For instance,
the antioxidant CDDO-EA mitigated cognitive flexibility deficits and restored neurogenesis
following GCRsim in female mice, although its effects on social behavior were mixed and context-
dependent [160,161]. Furthermore, HDACS3 inhibition was shown to reverse synaptic plasticity
impairment [152], while low-dose X-ray pretreatment reportedly improved viability and reduced
ROS in cardiomyocytes subjected to GCRsim [150]. Conversely, the use of aspirin failed to confer
benefit and even worsened cognitive performance in control animals [169], stressing the need for
carefully validated interventions.

Viewed collectively, the compiled studies of this section reveal that space-relevant mixed
radiation fields elicit widespread, tissue-specific, and often synergistic biological responses. As is
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common in combined radiation exposures, these effects are shaped by radiation quality, order of
exposure, dose rate, biological sex, genetic predisposition, and environmental co-factors. With the
convergence of rodent GCRsim models, human cellular systems, and longitudinal astronaut studies,
the field is now poised to generate predictive frameworks for long-duration spaceflight risk and
precision countermeasures. The integration of mechanistic insight, translational relevance, and
systems-level biology marks the next frontier in space radiation research.

4. Discussion

The systematic collection, classification, and synthesis of studies on combined irradiation of
biological systems conducted in this review provided critical insights into the current state of the
field. The research landscape is consistently structured around three main contexts: Radiobiology,
Therapeutic Applications, and Space Radiation Research. This tripartite framework reflects
fundamentally distinct objectives —mechanistic elucidation, clinical application, and astronaut health
risk mitigation, respectively.

4.1. Mechanistic Basis of Mixed Radiation Effects

Radiobiological studies have consistently revealed that combinations of ionizing and non-
ionizing radiation produce distinctive biological effects compared to single-modality exposures.
These effects are shaped by variables such as radiation type, dose, timing, and cellular context. As
summarized in Figure 1, such interactions often lead to complex DNA damage, saturation of repair
capacity, and the emergence of genomic instability.

Multiple studies involving UV and ionizing radiation exposures in mammalian systems
reported synergistic increases in dicentric chromosome formation, particularly when UV preceded
X-rays or gamma rays. For example, in human Go-phase lymphocytes, combined UV and X-ray
exposures produced synergistic increases in dicentric chromosome yield, particularly when UV
preceded X-rays and the interval between exposures was short [2,6,7]. This synergy diminished when
the order was reversed, suggesting that repair interference plays a role in amplifying damage. In
contrast, this effect was absent in G;-phase cells, indicating a key role for the DNA repair landscape
in dictating interactive outcomes [1]. Further support for this comes from HeLa cells synchronized in
Gy, for which detailed chromosomal condensation analysis showed that UV and X-rays triggered
fundamentally distinct responses: while X-rays induced dose-dependent fragmentation, UV
elongated chromosomes into an "S-like" morphology and triggered unscheduled DNA synthesis —
suggesting complementary, rather than overlapping, mechanisms of genomic stress [9].

More insights have emerged from microbial systems, where genetic manipulation enables
precise dissection of DNA repair pathways. In E. coli, synergistic lethality from combined UV and X-
ray exposures was observed in wild-type and polA mutants, but abolished in recA, recB, and recC
mutants, implicating homologous recombination (Type Il repair) as essential for synergy. The partial
effect seen in polA mutants suggests that base excision or Type II repair may also modulate the
response, though they are not sufficient on their own [3,4]. Additional work confirmed that UV
pretreatment sensitizes E. coli to ionizing radiation by interfering with repair of strand breaks. Using
B/r and Bs-1 strains, it was shown that synergistic X-ray sensitization occurred only in wild-type B/r
cells, and was abolished when DNA metabolism was perturbed via 5-bromouracil substitution or
purine starvation —conditions known to inhibit DNA repair [5]. In human leukocytes, combined UV
and X-ray exposure led to greater chromosome damage in both healthy and Down syndrome donors,
with diminished DNA repair synthesis observed in the latter. It can thus be deduced that overlapping
repair pathways mediate synergistic outcomes and are modulated by cellular repair competence [6].

Critically, the temporal arrangement of UV and ionizing radiation exposures emerged as a key
determinant of synergistic response in mammalian cells. In peripheral human lymphocytes, a
substantial, two-fold increase in dicentric chromosome yield was consistently observed when UV
exposure preceded X-rays—even with inter-exposure intervals extending to 90 minutes. This stability
suggests that UV-induced lesions can persist long enough to interfere with the repair of subsequent
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ionizing damage. In contrast, reversing the order of exposure led to a rapid decay in synergistic effect,
with a half-life of ~20 minutes, implicating short-lived intermediates —such as unrepaired single-
strand breaks or stalled replication forks—in facilitating synergy [7]. Therefore, the interaction
between lesions is time-sensitive, with DNA repair kinetics playing a central role in shaping the
outcome.

Moreover, this temporal dependence aligns with cell cycle-specific differences in DNA repair
dynamics. In Go-phase lymphocytes, synergy was consistently observed, whereas in G;-phase cells,
no increase beyond additive expectations was detected [1]. This shift likely reflects the relative
abundance and efficiency of lesion-processing pathways between quiescent and actively cycling cells.
Further support comes from HeLa cells synchronized in G;, where simultaneous UV and X-ray
exposure triggered fundamentally distinct chromosomal responses: X-rays produced dose-
dependent fragmentation, while UV induced elongation and unscheduled DNA synthesis —pointing
to complementary, rather than overlapping, stress responses [9]. Analysis of this dataset leads to the
inference that synergy may not simply reflect lesion quantity but rather the convergence of lesion
type, repair timing, and cellular repair state.

Temporal modulation of synergistic effects appears to be governed not only by repair capacity
but also by the kinetic properties of radiation-induced lesions. Parameters such as lesion half-life and
inter-exposure interval critically shape the outcome of combined exposures. When interactions occur
within narrow time windows, unrepaired lesions or repair intermediates from the first radiation may
persist and interfere with responses to the second, thereby amplifying biological damage.
Conversely, extended intervals may allow for lesion resolution and pathway recovery, reducing the
potential for synergy. Intriguingly, certain mixed exposures can even attenuate damage. For instance,
as mentioned previously, pretreatment with water-filtered infrared-A radiation (wIRA) before X-ray
exposure was shown to reduce DNA damage foci and inflammatory signaling in full-thickness skin
models, suggesting activation of protective or adaptive stress responses [16].

In non-ionizing radiation combinations, synergistic effects have been observed across both
environmental and biological systems, often involving complementary mechanisms of photodamage.
In E. coli, simultaneous UV-A and UV-B exposure resulted in a nearly 100-fold increase in inactivation
compared to UV-B alone, driven by UV-A absorption through thiouridine (s*U) residues in tRNA,
which impaired translation and thereby reduced the cell’s capacity to repair subsequent DNA
damage [18]. In human skin models, co-exposure to UV-A, UV-B, and near-infrared radiation
produced a distinct biomolecular response characterized by heightened oxidative stress, elevated
MMP-1 expression, and activation of MAPK signaling —effects not reproduced by individual or
sequential exposures, suggesting wavelength-dependent crosstalk between damage and repair
pathways [21]. In microbial systems, sequential UV-A and UV-C exposure produced persistent
translational arrest and synergistic inactivation in wild-type E. coli, an effect absent in strains lacking
thil-dependent tRNA modifications, highlighting the role of non-DNA targets in modulating
radiation sensitivity [23]. In a human skin model of allergen challenge, mixed ultraviolet and visible
light (mUV/VIS) exposure produced dose-dependent suppression of mast cell-mediated wheal
formation at suberythematous doses —an effect not seen with UV-A or visible light alone—indicating
that non-ionizing combinations can modulate immune responsiveness and may hold translational
potential for therapeutic or immunomodulatory strategies [33]. A key deduction from these findings
is that synergy in non-ionizing radiation exposures arises from converging damage mechanisms
affecting DNA, RNA, and proteins, as well as from temporally coordinated activation of cellular
stress signaling pathways.

Mechanistic insights from combinations of ionizing radiation types reveal that synergy
frequently stems from the intersection of distinct lesion types and the breakdown of repair
coordination. When alpha particles are combined with X-rays or gamma rays, the resulting DNA
damage is not merely greater in magnitude but also altered in quality —evidenced by persistent
53BP1 foci, complex chromosomal aberrations, and sustained ATM and p53 signaling [39,42]. These
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features suggest that repair mechanisms become overwhelmed or misregulated under combined
irradiation —especially at lower total doses, where synergy tends to be most apparent.

Transcriptional reprogramming offers insight into how cells perceive and prioritize competing
damage signals. Co-exposures such as alpha—X-ray and neutron-photon combinations induced
distinct expression signatures, including upregulation of DNA damage response genes (e.g., FDXR,
GADD45A, MDM2) and suppression of translation-related pathways such as EIF2/mTOR signaling
[38,55]. Importantly, these effects occur even in the absence of cell death, highlighting how
transcriptional signatures may serve as early markers of synergistic stress before overt damage is
visible—crucial for diagnostics and biodosimetry.

Clonogenic survival data link these molecular changes to functional outcomes. Supra-additive
losses in colony formation under combined neutron-gamma or alpha—-X-ray exposure reflect
cumulative disruptions to proliferation and genome stability [41,71]. However, not all systems
respond synergistically; for instance, in AAS8 cells, survival aligned with additive predictions [43].
These discrepancies reinforce the role of cell-specific repair competence and exposure sequence in
shaping whether synergy manifests—an essential consideration in therapeutic planning and
radioprotective modelling.

Beyond the nucleus, mixed-field exposures have been shown to impact both membrane integrity
and neuroimmune function. In erythrocytes and lymphocytes, neutron-gamma irradiation altered
membrane architecture and lectin-binding profiles in a dose- and time-dependent manner [73].
Furthermore, in hippocampal circuits, similar exposures disrupted memory performance and shifted
neuroinflammatory tone, marked by reduced pro-inflammatory cytokines and glial activation
following gamma priming [74]. These organism-level effects show that synergy is not limited to
genotoxic endpoints but can propagate through structural and signaling networks—especially
relevant in complex exposures such as spaceflight or nuclear incidents.

Interestingly, even rarely tested combinations such as neutron—proton co-exposure have
revealed tumor-specific effects on cancer stem cell populations, suggesting that unconventional
radiation pairings may uncover selective biological vulnerabilities not detected under standard
protocols [80]. Likewise, environmental models involving complex or atypical exposure scenarios —
such as mixed radionuclide contamination in plants or alpha-beta inhalation in rodents—
demonstrate that chronic, low-dose synergy can lead to mutation accumulation and functional tissue
impairment over time [52,53]. It thus becomes evident that radiation synergy is not merely a
byproduct of experimental design but a genuine biological phenomenon that occurs in real-world
contexts. As such, mixed-field effects must be integrated into predictive models of environmental
risk, long-term health outcomes, and radiological protection —especially in scenarios dominated by
chronic, low-dose exposures.

Radiobiological findings such as those discussed here indicate that combined radiation
exposures frequently lead to amplified or qualitatively distinct biological outcomes, driven by
interactions at the levels of DNA damage formation, repair kinetics, and stress response signaling. A
deeper understanding of these dynamics is essential for refining risk assessment models and for
effectively harnessing combinatorial effects in both therapeutic interventions and protective
strategies in space exploration.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2020.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 June 2025 d0i:10.20944/preprints202506.2020.v1

44 of 59

A IR Sources B Non-IR Sources
"_’ o\ A
= ® RF
X-Rays, gamma Oxidative Indirect
rays, a particles lesions oxygen
Complex
ANA Damage ~a {7 Ve
«Se N

C Combined
Radiations
(IRand

non-IR) ap—

/ \ Increased cell death or

\/ senescence @S,

/\‘ Chromosomal instability

" o >

e | e
}

Complex DNA Damage
SOOIV

D Hypothesis for combined radiations

Complex DNA Overwhelmed cellular
Co-exposure | Damage | repair mechanisms
Genomic Instability | <— “"{f,ﬁ:'g;",:,i’;ga"
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non-IR on DNA level; C. Effects of combined exposures; D. Main hypothesis for results of combined radiation

exposure. The figure was created using Biorender, available at https://app.biorender.com/illustrations.

4.2. Determinants and Mechanisms of Synergy

Synergy —defined in this review as a biological effect exceeding the sum of individual radiation
exposures—emerged as a recurring observation across diverse radiation combinations. These
interactions spanned ionizing and non-ionizing sources and were seen in endpoints such as DNA
damage, cell survival, chromosomal aberrations, transcriptomic shifts, and organ-level function.

A key determinant of synergy was exposure sequence and timing. For instance, in studies
concerning the combination of UV and X-rays, synergistic increases in dicentric chromosome yields
were most pronounced when UV preceded ionizing radiation, such as X-rays or gamma rays,
suggesting that early UV-induced DNA lesions or repair processes sensitize cells to subsequent
damage [2,6,7]. Similar sequence sensitivity was observed in fibroblast and tumor models exposed to
carbon—proton [89], heavy-ion—proton, and neutron-proton combinations [92,94]. In each case,
initiating exposure with high-LET radiation —such as carbon, oxygen/silicon, or neutrons —resulted
in more pronounced reductions in survival or increased cytotoxicity compared to reverse sequences,
underscoring the influence of damage complexity and repair kinetics on synergistic outcome.

Cell state also modulated synergy potential. Go-phase lymphocytes showed strong synergistic
dicentric formation following UV-X-ray exposure, while G;-phase cells did not [1,2], and microbial
models lacking key repair genes (e.g., recA, polA) lost their synergistic response altogether [3,4,10].
Deductively, it can be stated that DNA repair capacity and the cell cycle context are of great
importance in determining whether mixed exposures interact.

At the molecular level, co-exposures frequently led to persistent DNA damage signaling,
including prolonged 53BP1 and ATM/p53 activity [42,49]. Transcriptionally, synergy was reflected
in non-linear expression shifts, with combined alpha—X-ray or neutron—photon exposures enhancing
genes like FDXR, GADD45A, and MDM?2 in lymphocytes [38,55,60].
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Finally, synergistic effects were shown to extend beyond cellular systems. Mixed [3—y, a—X-ray,
or GCRsim combinations in mice and plants induced non-additive impairments in behavior, tissue
function, and mutagenesis [123-127,129-132]. In these studies, synergy is shown to be a system-wide
phenomenon driven by lesion interplay, repair saturation, and signaling crosstalk —not a fixed trait
of any single radiation type. As such, it offers both a mechanistic lens for radiation biology and a
potential tool for optimizing radiotherapy or predicting complex exposure risks.

4.3. Therapeutic and Protective Strategies

Mixed radiation exposures are not only of biological interest but also hold considerable
translational potential in therapeutic and protective contexts. Clinical studies using combinations of
particle beams—such as protons and carbon ions—demonstrate that beam mixing can improve
tumor control while maintaining or reducing toxicity. As presented earlier, dual-beam protocols in
pancreatic, skull base, and lung cancers have been shown to achieve high local control and survival
rates, with tolerable side effect profiles, suggesting synergistic gains in therapeutic index when
carbon ion boosts are added to proton regimens [86-88].

Preclinical and in vitro studies deepen mechanistic understanding. Here, the timing and order
of beam delivery emerge as critical factors. In fibrosarcoma cells, carbon-first protocols induced more
effective cytotoxicity than reverse sequences, implicating LET-driven modulation of repair kinetics
[89]. Similarly, mixed high-LET and proton beam combinations show that reversing the order can
blunt or amplify survival outcomes depending on how cells process clustered damage [92,94]. To add
to these, neutron-based regimens—used either alone or with protons—have shown promise in both
human tumors and murine models, though late toxicity and sequence sensitivity remain concerns
[91,93].

Beyond external beams, hybrid approaches that integrate radiation with nanotechnology or
molecular targeting are being explored. PDT combined with photon RT enhances tumor killing in
multiple models, and radiosensitization via targeted radiopharmaceuticals or nanoscintillator-
triggered UV damage suggests that combinatorial designs can exploit biological vulnerabilities in
novel ways [97-103].

Protective strategies related to combined radiation exposures are also gaining interest. One
notable approach involves adaptive conditioning: in cardiomyocyte models, low-dose X-ray
pretreatment prior to GCRsim exposure improved cell viability and reduced oxidative stress,
suggesting that pre-exposure can induce protective pathways mitigating subsequent high-LET
damage [150]. Similar protective mechanisms have been observed across diverse radiation types. In
particular, photobiomodulation with near-infrared (NIR) or laser pretreatment prior to X-ray or
gamma exposure improved leukocyte counts, enhanced antioxidant enzyme activity, and increased
tissue oxygenation in full-thickness human skin models. These interventions also reduced DNA
damage and apoptosis in keratinocytes and fibroblasts [16,17].

Altogether, mixed-field approaches offer significant promise for increasing treatment specificity,
minimizing collateral damage, and revealing tumor-selective response windows. Future strategies
may benefit from personalizing beam selection and delivery sequence based on tumor type,
molecular profile, and repair capacity. In parallel, the development of radioprotective
interventions—such as photobiomodulation or adaptive preconditioning—may help safeguard
healthy tissues across a range of exposure contexts, from clinical radiotherapy to occupational,
environmental, and spaceflight scenarios. As mechanistic understanding of these interactions
deepens, such approaches could become integral components of comprehensive radiation
management strategies.

4.4. Space and Environmental Risk Contexts

Space radiation studies increasingly demonstrate that mixed-field exposures—particularly
GCRsim combinations of protons and high-LET ions—trigger system-wide biological disruptions
that go beyond linear dose effects. The central nervous system is especially susceptible, with low-
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dose exposures impairing cognition, synaptic structure, and behavior, with sex-dependent outcomes
observed in several studies[131,157]. The induced effects are frequently synergistic, shaped by
radiation sequence and timing, emphasizing the role of unresolved DNA damage and repair
interference [163-165]. Similar order-dependent sensitivities have also emerged in cancer models; in
one study, proton-first regimens was shown to amplify tumorigenesis compared to reversed
sequences [132]

In space-related research, chronic exposure has emerged as a key determinant of biological risk.
For instance, in K-rasLA1 mice, chronic GCRsim regimens increased lung tumor incidence more than
acute exposures, with the addition of neutrons further exacerbating malignancy [159]. In the
cardiovascular domain, proton-first exposure sequences worsened myocardial fibrosis and infarct
size compared to iron-first regimens, highlighting how radiation order governs tissue-level outcomes
in the context of space radiation [166]. Meanwhile, microbiome alterations were found to parallel
these physiological disruptions, with GCRsim exposures producing sex- and dose-dependent
dysbiosis that influenced cognitive and immune phenotypes [131,151].

The NASA Twins Study provided translational support, revealing telomere elongation followed
by rapid shortening, chromosomal inversions, immune dysregulation, cognitive performance
changes, altered microbiome profiles, and widespread transcriptomic remodeling in the flight-
exposed astronaut. Many of these effects mirrored those seen in rodent and cell-based GCR
simulations, reinforcing that space radiation acts not in isolation, but synergistically with other
spaceflight stressors—such as microgravity, circadian disruption, and confinement—to drive
complex, system-wide biological responses.

These insights reflect a pivotal turning point in space radiation biology, enabled in large part by
NASA's strategic investment in GCRsim technology and the development of multibeam irradiation
platforms like those at the NASA Space Radiation Laboratory (NSRL). The ability to deliver rapid,
sequential exposures of biologically relevant ions—mirroring real cosmic ray compositions—has
transformed the field from single-ion approximations to nuanced, systems-level modeling. Coupled
with omics-driven analyses, behavioral assays, and translational studies like the NASA Twins Study,
this technological leap allows for integrative frameworks that capture the interactive, nonlinear
nature of spaceflight stressors. As long-duration missions to the Moon and Mars approach, future
research will increasingly depend on refining these models, identifying individual susceptibility
markers, and testing personalized or adaptive countermeasures that address the cumulative burden
of mixed-radiation and environmental exposures.

While the spaceflight context has catalyzed some of the most advanced modeling of mixed
radiation effects, such scenarios are not directly representative of terrestrial conditions. Nevertheless,
the principles uncovered —such as synergistic interactions, timing-dependent outcomes, and system-
level disruption—stress the broader need to investigate combined exposures on Earth. Although
everyday environments do not involve showers of galactic ions, people are routinely subjected to
overlapping or sequential low-LET sources, radionuclide mixtures, and co-exposures with chemical,
thermal, or biological stressors. The insights from GCRsim studies thus should act as a scientific
impetus, urging environmental radiation research to move beyond isolated-dose models and account
for real-world exposure complexity.

On Earth, mixed radiation exposures can arise in various contexts, such as ultraviolet radiation
in combination with background gamma fields in high natural radiation areas, or beta—gamma
emissions associated with radionuclide contamination from industrial or military activity. Although
these exposures differ in scale and composition from those encountered in space or laboratory
models, they may still present layered biological challenges. As evidence suggests that interactions
between radiation types can diverge from simple additive expectations, closer examination is in
order. Continued investigation into such terrestrial scenarios is important for refining our
understanding of mixed exposure effects, supporting environmental protection strategies, and
strengthening risk assessment and remediation frameworks.
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4.5. Methodological Challenges and Experimental Gaps

This review identifies major gaps in combinatorial radiation research. Some radiation pairings —
such as protons with UV or beta ([13]-[15], [168]) —remain virtually unstudied despite potential
biological significance. Even for well-explored combinations like X-ray — neutron or gamma — heavy
ions, systematic mapping of dose-effect relationships and mechanistic modeling is often lacking.

Moreover, although timing, dose ratio, and radiation order have emerged as critical parameters
modulating synergy, many studies treat these variables as secondary rather than primary design
features. Systematic investigations of inter-exposure intervals, particularly in time-resolved or cell
cycle-synchronized systems, are rare but urgently needed. Cross-comparative work that spans cell
type, species, or tissue specificity is also scarce, making it difficult to generalize findings across
biological contexts.

Another under-addressed area involves combinatorial exposures including more than two
radiation types. While many studies have tested complex mixtures such as 5- or 33-ion beams in space
radiation models, terrestrial analogs involving triplet exposures (e.g., UV — gamma — alpha/beta) are
largely missing. The field also lacks integrative studies combining ionizing and non-ionizing
modalities in realistic exposure sequences, such as low-dose UV exposure followed by diagnostic
imaging or therapeutic irradiation

Finally, many existing studies are limited to acute, high-dose exposures, whereas real-world
scenarios—whether medical, environmental, or space-related —increasingly involve chronic or
fractionated mixed exposures. This disparity suggests the need for experimental paradigms that
mirror complex human exposure patterns more closely. Addressing these gaps will be essential to
construct predictive models of mixed-radiation effects, optimize therapeutic combinations, and refine
risk estimates for spaceflight and environmental contamination scenarios.

To bridge these gaps, interdisciplinary collaboration and standardization of experimental
protocols will be critical. Advances in dosimetry, high-throughput assays, and computational
modeling now offer the tools to systematically dissect combinatorial radiation effects across
biological systems and exposure conditions. Harnessing these capabilities will allow the field to
evolve from descriptive observations to mechanistic understanding and predictive accuracy.

4.6. Limitations and Future Directions

One of the main challenges in mixed radiation research lies not only in the scarcity of data, but
also in how current studies are designed, conducted, and contextualized. Investigations into
radiobiological, medical, and space-related exposures are often pursued within separate research
domains, each shaped by its own priorities, methodologies, and regulatory frameworks. This
disciplinary isolation makes it difficult to compare results, integrate findings, or construct unified
frameworks for understanding biological response. As a result, efforts to build predictive models —
whether theoretical, computational, or mechanistic—face significant hurdles. Such models are
essential not only for estimating health risks, but also for developing effective radioprotection
strategies. Yet their development is hindered by fragmented data, inconsistent endpoints, and a lack
of shared experimental standards. Compounding this, most studies prioritize acute or short-term
outcomes, with far fewer addressing how mixed radiation effects evolve over time, across
generations, or within realistic ecological and clinical contexts.

To move the field forward, we need better coordination between disciplines, along with shared
databases that connect radiation types, biological systems, and outcomes. These could support larger
comparisons and help identify patterns across experiments. Building international collaborations,
agreeing on common protocols, and using simulation platforms will also be important. Collectively,
these steps can help the field go beyond scattered case studies and work toward a deeper, more
predictive understanding of how different kinds of radiation interact with life.

5. Conclusions
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This systematic review —drawing on over 170 studies and encompassing an exceptional variety
of radiation pairings—demonstrates that the biological effects of combined radiation exposures are
neither trivial nor reliably additive. From fundamental radiobiology to medical applications and
spaceflight scenarios, evidence consistently shows that interactions between different radiation types
can yield emergent effects, including both synergistic and antagonistic responses. These outcomes
are often shaped by radiation quality, dose ratio, sequence, and the biological system in question.

Crucially, the findings challenge the assumption that total dose alone can predict biological risk.
Instead, they point to the need for a better understanding of how different radiation types interact
over time and across levels of biological organization —from molecular repair mechanisms to whole-
organism physiology. Although the field remains fragmented and methodologically uneven, the
available data support the development of integrative models and coordinated research strategies
that more accurately reflect the complexity of mixed radiation exposures.

Conclusively, the evidence presented in this review reflects a pressing need to rethink how we
approach radiation exposure in both research and practice. Whether in medical, space, or
environmental contexts, the biological impact of radiation cannot be fully understood without
accounting for interactions across type, order, timing, and biological scale. This complexity is not
merely theoretical —it is central to designing safer therapies, preparing for deep space missions, and
protecting life on Earth. Moving beyond reductionist models is essential to predict, mitigate, and
ultimately manage the multifaceted nature of mixed radiation effects.
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