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ABSTRACT: Synchrotron radiation (SR) sources provide un-
paralleled brilliance, collimation, coherence, and tunability,
enabling specialized techniques that are crucial for advancing
medical research across diverse fields from radiation oncology to
rational drug design. Certain SR methods, such as macromolecular
crystallography, are highly developed and automated, and have
been used for decades for both fundamental understanding of
biomolecules as well as pharmaceutical design, while other
methods, such as microbeam radiation therapy, represent relatively
recent developments. Scattering and diffraction methods using SR
can provide atomic-level structural mapping of proteins, nucleic
acids, and complexes. Imaging applications using SR continue to be
developed and advanced for mapping of biological structures and
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potential use as diagnostics in disease detection. Spectroscopic methods are used to study elemental distributions relevant for
detection of contamination in biological systems. Collectively, SR research delivers detailed multiscale structural and molecular
information essential for addressing complex biomedical challenges. In this mini-review, we cover SR methods that are specifically
relevant to medical applications, focusing mainly on SR X-ray and SR infrared techniques and applications. We include diffraction
and scattering, imaging, absorption and fluorescent spectroscopy, use of SR in oncology treatments, and radiation damage methods
that integrate one or another aspect of an SR method in conjunction with other non-SR techniques.

KEYWORDS: synchrotron-based medical research, biomedical X-ray applications, radiation treatment, X-ray imaging,

synchrotron facilities

1. INTRODUCTION

Immediately after the discovery of X-ray radiation from a
cathode ray tube in 1896," scientists and medical researchers
began to explore the use of X-rays for imaging and treatment of
multiple diseases,” and in parallel, vacuum tube technology
rapidly advanced to more efficiently produce brighter X-rays.”
In the following decades, vacuum tubes were further developed
for use in particle accelerators, and in the late 1940s,
synchrotron X-ray radiation was first serendipitously observed
as an unwanted byproduct of an electron accelerator.* In the
following decades, synchrotron radiation became recognized as
useful in its own right. Facilities producing synchrotron
radiation continued to be developed in the 1950s, 60s, and
70s,> and the first dedicated facility optimized for producing
synchrotron radiation (termed a second generation light
source) was built in 1980.”

Today, the value of synchrotron radiation is widely
recognized with several dozen facilities worldwide dedicated
to producing photons in a range of wavelengths spanning X-
rays to the infrared, and/or heavy ions or electrons. In the
realm of X-rays, user-based synchrotron facilities are used in
research fields from material characterization at the nanoscale
to structural biology and radiation therapy. Many of these
facilities continue to be developed to produce even brighter,
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smaller, and/or more coherent beams. The utility of 47
synchrotron radiation is multifaceted. Its brightness and 48
focusability to micron sized beams allows detection of minute 49
quantities or impurities in materials at high spatial resolution. so
Its tunability enables absorption or transmission experiments s1
with precise energies. Its coherence has enabled new types of s2
imaging modalities such as coherent X-ray diffraction on the s3
nanometer length scale,” while temporal studies can be s4
conducted down to the picosecond time scale using pump- ss
probe systems synchronized to the X-ray pulses produced by s6
the synchrotron.” In addition, many synchrotron facilities s7
support user programs, which enables access to those facilities s
and methods for scientists worldwide. 59

Previous review articles through the years'~'* have covered 6o
the use and development of synchrotron radiation, often 61
focusing on one field or specific application. Here, we review 62
current developments in synchrotron radiation relevant for 63

o
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Figure 1. Range of synchrotron methods used in biomedical applications, along with typical energy range, type of data collected, and resolution.
CDI: coherent diffractive imaging, MX: macromolecular crystallography, PCI: Phase contrast imaging; SAXS: small angle X-ray scattering, XFMS:

X-ray footprinting with mass spectrometry, IR: infrared.

64 medical sciences, including applications using both IR in the
65 100s of eV range, and X-rays ranging from several keV to 10 s
66 of KeV energies (Figure 1). The applications cover
67 fundamental research contributing to medical knowledge,
68 such as protein structure determination, as well as practical
69 applications using synchrotron radiation for radiotherapy in
70 dosing and/or imaging. We have divided the article into four
71 main sections: diffraction and scattering, imaging and spec-
72 troscopy, radiation treatment, and radiation damage methods.
73 For each section, we discuss fundamental science and current
74 and potential applications, and we conclude with a short
75 overview of worldwide synchrotron X-ray facilities.

[ ——

2. DIFFRACTION AND SCATTERING

76 Scattering of X-rays from materials results from interactions
77 between the X-rays and the electrons in the material, which can
78 be used to determine structural features of biological materials.
79 In the special case of diffraction, the scattered light from a
80 periodic structure of electrons interferes constructively or
81 destructively to produce intensity rings (in the case of SAXS or
82 WAXS) or distinct intensity spots (in the case of MX) on a
83 detector. These patterns are unique to the biomolecule or
84 complex being irradiated, and can be used to calculate
85 structural information from the system at the sub-nanometer
86 scale. Diffuse scattering from protein crystals has also been
87 used to determine dynamics of proteins within crystals,
ss although to a lesser extent.'” Coherent X-ray diffractive
80 imaging (CDI) is another diffraction-based method, in which
90 coherent X-rays are used to irradiate a sample and the resulting
o1 diffraction patterns are used to reconstruct an image of the
92 sample, typically at the 10s of nm level."* To obtain atomic
93 level information, the wavelength of the X-rays should be on
94 the order of the distance between atoms in the structure being
9s irradiated. Modern synchrotron beamlines for MX typically
96 supply peak X-ray wavelengths of around 1 A at high photon
97 flux density, and are also often focusable (or collimated) and
98 tunable to a range of wavelengths.

—_

o

—

2.1. Macromolecular Crystallography (MX) and Diffuse
99 Scattering

100 The method of MX has a long history in determining structural
101 properties of biological materials, with the first X-ray

diffraction patterns from a protein crystal reported in the 102
1930s."> Not long after that, the first crystal structure of an 103
antibiotic (penicillin) was reported'® and the first protein 104
structure was solved using X-ray diffraction in the late 1950s."” 105
The availability of synchrotron X-rays beginning in the late 106
1960s and early 1970s subsequently had a dramatic effect on 107
the throughput and resolution obtainable."® Today, most MX 10s
synchrotron beamlines worldwide are highly automated with 109
robotic sample mounting, automated data collection, and 110
automated data assessment, with throughput on the order of 111
minutes per sample.'” It should be noted that high brightness 112
X-ray instruments are also commercially available and used for 113
diffraction and scattering experiments, though do not typically 114
have the user access or automation associated with 115
synchrotron facilities. Protein crystal structures solved using 116
MX are usually deposited in the worldwide protein data bank 117
(PDB; https://www.rcsb.org/), which has had an enormous 118
impact in biological research, both for general understanding of 119
biological processes and for targeted drug design efforts. At a 120
fundamental level, obtaining a protein structure is often a 121
necessary step in understanding a biological process, since 122
proteins serve in multiple roles in biological systems: as 123
structural elements (e.g., complexes that give a cell structural 124
integrity), decision-makers (e.g., gating the motion of 125
molecules in and out of cells), and catalysts (e.g., breakdown 126
of molecules or building of cellular structures). This 127
fundamental understanding is then used in medical science 128
applications, such as understanding disease mechanisms or 129
design of antibodies. Pharmaceutical companies widely use MX 130
to obtain protein structures as part of drug development 131
efforts.”” Small molecule crystallography is also used in 132
pharmacological design since the crystal structure of a ligand 133
or pharmaceutical ingredient can give information on stability, 134
toxicity, and other characteristics relevant to drug design.”' 135
Further, PDB structures, primarily determined via MX though 136
increasingly now through the method of CryoEM, were used 137
to train AlphaFold,”” a protein structure prediction program 13s
now widely used in many biological medical research areas. 139
While diffuse scattering experiments have not led directly to 140
protein structures, this type of data can nonetheless contribute 141
to an understanding of protein dynamics within a structure, 142
and can be collected as part of an MX experiment.”’ 143
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2.2. Small Angle X-ray Scattering (SAXS)

As with MX, the development of SAXS dates back to the
1930s, and studies using the method to obtain low resolution
structural features on biomolecules such as hemocyanine, actin,
and myosin in solution were first performed in the 1940s and
1950s using X-ray tubes.”””® With the availability of
synchrotron sources in the 1980s, the method gained traction
and became more widely used for measuring proteins, protein
complexes, protein-nucleic acid assemblies, and other bio-
molecules at several tens of Angstroms resolution.”®”” The
method has proved highly complementary to MX because it
can provide structural information on biomolecule envelopes,
conformational changes upon binding other proteins or
ligands, and information on dynamics, all in the solution
state. Today, SAXS at synchrotrons is important in several
medical research areas. One area is in structural character-
ization of proteins, DNA/RNA, or complexes thereof relevant
for drug design, such as SAXS characterization of the DNA or
RNA forms recognized by HIV-1 reverse transcriptase.””””
Another growing area is in characterization of antibody-antigen
complexes, which can be used to help optimize stability of an
antibody, as well as help localize epitope/paratope regions.*’
This is particularly useful when combined with higher
resolution methods such as MX. SAXS is also used in the
pharmaceutical industry for quality control in biological
formulations,”" characterization of drug-delivery vehicles such
as lipid nanoparticles to determine size distribution, inves-
tigation of the relationship between lipid content and stability
and homogeneity,”” or to provide structural information on
viruses.”> As with MX, the general structural information
obtained by SAXS can be used for both fundamental
understanding of biological systems and practical applications
in drug design/optimization.

2.3. Coherent Diffractive Imaging (CDI)

CDI relies on diffraction from an object using a highly
coherent beam, often without a focusing lens, to produce
interference patterns which are then analyzed using phase-
retrieval algorithms to produce an image of the object.”**
First proposed in 1980 as an extension of protein X-ray
crystallography,®® the method was not demonstrated using X-
rays until the late 1990s.>”°® CDI relies heavily on computa-
tional algorithms to derive an image and often uses scanning to
produce many overlapping interference patterns, in which case
the term ptychography is used to describe the method.***~*!
With scanning and fractionation, CDI can be applied using
lower doses than the more standard methods of MX and
SAXS, and thus can minimize radiation damage, often an
important consideration for biological materials. Currently,
synchrotron X-ray CDI methods are not in widespread use for
direct biomedical applications, but have been used to gain
fundamental understandin§ of biological systems such as actin
filaments,*” bacterial cells,”™*° and fibroblasts.*®

3. IMAGING AND SPECTROSCOPY

One of the earliest imaging applications of SR was the use of
transvenous coronary angiography (TCA). Also referred to as
dichromography or digital subtraction angiography in energy
subtraction mode, TCA was an innovative medical technique
developed to image the coronary arteries less invasively than
traditional angiography. Initial studies were conducted on live
patients in the 1980s and 90s at the Stanford Synchrotron
Radiation Laboratory (SSRL) using a contrast agent (iodine-

containing Renografin-76) administered intravenously through
a catheter, and the scan acquisition was timed to bracket the
moment the contrast agent filled the coronary circulation.*” By
1995, a total of 7 human imaging sessions had been performed
at SSRL/NSLS and 30 investigations had been performed at
Hamburger Synchrotronstrahlungslabor (HASYLAB) using
the NIKOS system.”® The primary focus was on optimizing
hardware (monochromators, detectors, scanners) and software
to achieve images of sufficient quality for clinical relevance. SR
provides the intense, continuous, and collimated beam
necessary to create two quasi-monochromatic beams bracket-
ing the iodine K-edge (AE = 300 V) which could be used for
energy subtraction. This method allowed visualization of small
iodinated structures, such as coronary arteries, after non-
invasive intravenous injection.”> However, despite the
potential for non-invasive imaging, SR intensity must be very
high to achieve good image resolution and the flux must be
carefully controlled to stay within acceptable patient dose
limits, which limits the resolution capability. Modern advance-
ments in SR imaging have focused on phase contrast and dark
field imaging methods, computed tomography methods,
fluorescence, and infrared imaging on microscale structures.
At the other end of the length scale, X-ray Absorption
Spectroscopy (XAS) can be used to probe the local structural
environment around an absorbing element, yielding subatomic
distance information on nearest neighbors as well as the
oxidation state of the absorbing element.

3.1. Phase Contrast and Dark Field Imaging

Synchtrotrons provide the small spot size and coherence that
are advantageous for refraction based methods such as phase
contrast and dark field imaging.'” Phase contrast methods can
also be incorporated into other methods such as tomography,
as discussed here and in the next section.

In phase-contrast imaging (PCI) using synchrotron radiation
allows for a spatial resolution at the micrometer level and a
density resolution for light elements that is 1000 times higher
than that of absorption-based imaging. Recently, PCI using in-
line holography with synchrotron hard X-rays has been used to
detect microscopic lesions on the cartilage of rabbit femoral
heads.*” PCI successfully visualized 20 ym micro-lesions on
the cartilage surface which were completely invisible under
conventional absorption-contrast X-ray imaging. Histological
staining confirmed the presence of these lesions, suggesting
that this non-invasive technique could serve as a powerful tool
for the early diagnosis of osteoarthritis and cartilage
degeneration.

A quantitative comparison between a clinical breast CT
system and a synchrotron radiation (SR) breast CT setup
utilizing a propagation-based phase-contrast techni_%lue with a
photon-counting detector was performed in 2019.”” Synchro-
tron radiation serves as a “gold standard” in this analysis due to
its beam monochromaticity, which improves dose eficiency,
and high coherence, which enables phase-contrast effects that
enhance edge visibility and allow for phase-retrieval algorithms.
The synchrotron system significantly outperforms the clinical
system, achieving a spatial resolution of 5.0—6.7 lp/mm
compared to 1.3 Ip/mm for the clinical scanner, and a signal-
to-noise ratio up to three times higher. Additionally, the
synchrotron setup successfully detected significantly smaller
diagnostic details, such as 0.15 mm fibers and 0.13 mm
calcification clusters, which were not resolvable by the clinical
system. X-ray phase-contrast tomography (XPCT) was also
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used to analyze the 3D morphology and density of aortic walls
in patients with acute type A aortic dissection (ATAAD),
finding that while normal aortas exhibit homogeneous medial
density, aortas from ATAAD patients without Marfan
syndrome had significantly lower and inhomogeneous medial
density.”’

Synchrotron radiation is crucial for X-ray Dark-Field
Imaging (XDFI) because its high spatial coherence allows for
the direct resolution of intensity fringes and facilitates the
tuning of autocorrelation lengths, while the monochromatic
source eliminates the need for beam hardening corrections,
making it ideal for imaging unstained structures, live cells,
bacteria, or surface flaws. For example, Spindler et al.
developed a system of dual-phase grating interferometers that
generates Moiré fringes of tunable periods to measure dark-
field signals without the photon-flux attenuation or cost
associated with traditional analyzer gratings.”> This setup
successfully provides both absorption and dark-field images of
porcine lungs and PMMA microspheres, achieving a sensitivity
adequate for tracking lung micro-structures and suggesting the
method’s potential for diagnosing diseases like emphysema or
fibrosis at low radiation doses. SR phase-contrast imaging was
also employed to image human temporal bones and the
surrounding tissues,”” delineating a minimally invasive surgical
pathway for delivering regenerative therapies directly to the
cochlear nerve.

XDFI optics have also been combined with Refraction-
Contrast Computed Tomography, specifically employing a
Laue-type angle analyzer and a monochromator collimator to
create 3D reconstructions of lung tissue. Yi et al. found that
this technique clearly distinguished between primary and
secondary lung adenocarcinomas based on their morphological
features, such as spiculate margins in primary cancers versus
smooth lobulated margins in metastatic ones.”* Furthermore,
the images correlated well with pathological examinations,
successfully identifying features like ground-glass opacities and
enabling precise 3D volumetric estimation of tumors without
damaging the tissue.

3.2. Tomography

SR is a valuable source for micro or nano computed
tomography (micro-CT or nano-CT) because it can provide
highly coherent X-rays with high photon flux, which enables
detailed, three-dimensional, non-destructive imaging of inter-
nal structures across various anatomical length scales.”
Compared to classical imaging techniques such as TEM or
SEM that require destructive sample processing, tomography’s
non-destructive nature allows samples to be imaged in their
native context. This capability is invaluable to medical research
because it allows for the high-resolution structural analysis of
small, intricate biological components, such as in osteology
research®® as with middle ear ossicles,”” or detailed neural
networks,” or in validating novel medical implant micro-
structures.””

SR tomography often incorporates phase-contrast imaging
techniques, such as propagation-based phase-contrast SR, in-
line phase-contrast imaging, or Zernike phase-contrast imaging,
which utilize X-ray refraction to enhance the visibility and
contrast of soft tissue boundaries and subtle density variations,
sometimes by several orders of magnitude, without requiring
contrast agents or complex sample preparation steps like
sectioning.”> For instance, Zernike phase plates have been
successfully used with synchrotron X-ray nano-CT to image

cellular components in mammalian tissues,”’ and to image
nanoscale porosity structure in bone.”' Similarly, Qi et al.
utilized in-line phase-contrast synchrotron X-ray micro-CT to
image a novel bone implant material,>® and Handschuh et al.
used micro-CT with staining and contrast agents to conduct
mouse embryo disease phenotypes,G2 while Savatovic et al.
used modulation based micro-CT imaging study to corn6p1ex
vascular remodeling in organs like the lung and placenta.®’

X-ray micro-CT provides in essence “virtual histology” in
which a 3d image of a sample is created without physically
sectioning a sample; however, it can also be used to guide
traditional histology. Albers et al. developed this method to
guide sectioning of heavy ion stained mouse lung tissue.”* The
types and usage of various histological stains are covered in
other reviews.”

SR can also be applied to hard X-ray nanoholotomography
(XNH) by merging traditional phase-contrast tomography
with digital holography, allowing for the visualization of soft
tissue density differences with nanoscale isotropic resolution
(down to 88 nm) without the need for physical sectioning or
staining. This technique was used on formalin-fixed paraffin-
embedded human cerebellum and neocortex samples, success-
fully resolving hierarchical neuronal structures, including
Purkinje and pyramidal cells, and visualizing subcellular
features such as the nuclear envelope, nuclear pores, and
nucleoli.’® These virtual histology images correlated accurately
with standard hematoxylin and eosin stained sections and
allowed for the automated segmentation and morphometric

337
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analysis of individual neurons, demonstrating the potential of 352

XNH for large-scale, non-destructive brain tissue character-
ization.

In conjunction with other methods, micro-CT can yield
comprehensive structural information on biological samples, as
in the interplay between osteosarcoma (OS), a malignant,
heterogeneous bone tumor primarily affecting children and
adolescents, and its tumor microenvironment (TME). For
example, Rossi et al. characterized differences in osteosarcoma
(OS) bone properties using X-ray computed microtomog-
raphy, X-ray absorption spectroscopy, X-ray fluorescence
microscopy, and X-ray diffraction to differentiate the three
subtypes of OS by their mineralization and crystallinity,’”

specifically characterizing the distribution and structure of 365

hydroxyapatite crystals, with applications in tracking disease
progression and tailoring treatment for each subtype.
Staining methods have also been improved through the use
of synchrotron radiation. A new staining method for human
brain tissue that decreases tissue autolysis was validated using
synchrotron microscopy. Post-mortem frozen human brain
samples were subjected to a modified Golgi staining procedure
for 30 days at near-freezing temperatures, and results were
compared to traditional staining methods using SR micro-CT
to evaluate the nuclear count, neuronal soma count, and
dendritic spine density,”" all measures of how well the neuronal
integrity has been preserved. The ability of SR micro-CT to
penetrate thick samples and yield high spatial resolution for
complex neuronal structures in the cerebellum and frontal lobe
enabled this staining method to be fully validated.
Speckle-based imaging (SBI) is an X-ray phase-contrast
technique that uses simple random diffusers, such as abrasive
sandpaper or filter membranes, to generate near-field speckle
patterns acting as wavefront markers. Unlike Grating-Based
Imaging (GBI), which relies on expensive high-precision
gratings, SBI is more cost-effective and eliminates phase
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unwrapping artifacts by employing real-space cross-correlation
instead of Fourier domain analysis. %70 In terms of soft tissue,
SBI has been used in conjunction with SR phase-contrast
micro-CT for weakly absorbing soft tissue samples to show
density variations within tissues such as the human placenta.”®
Highly coherent SR micro-CT was performed on unstained
human placenta specimens to visualize its complex vascular
structure, which is difficult to analyze non-destructively. SBI
with sandpaper demonstrated the 3D virtual histology of the
human placenta. SR-microCT was shown to provide
comparable or superior information to conventional 2D
histology, enabling deeper understanding of fetal development
and associated placental disorders.

Micro-CT has also been used for live patient diagnostics. In
2024 researchers successfully used synchrotron-based micro-
CT for biopsied vascular imaging in lung transplant patients,
testing the effects of a mutation carrier vs a wild type transplant
patient on vascular structures.”’ The high energy of SR gives it
much better penetration than conventional radiation, allowing
the imaging of thicker tissues taken from patients’ lungs. The
ability to 3D image microscale structural features has
significant implications for the future of diagnostic methods;
combined with spatially precise surgical and drug delivery
techniques, it’s part of the wave of targeting treatment on the
microscale to reduce off-target effects and increase patient
quality of life.

Synchrotron soft X-ray tomography (SXT) is a method that
uses X-rays in a specific energy range — the “water window”
between the carbon and oxygen absorption K-edges (282-533
€V) — where the carbon and nitrogen in biological molecules
absorb an order of magnitude more strongly than water. The
method can be used to image frozen cellular and subcellular
structures down to ~25 nm resolution.”””? Biomedical
applications for this method are in the area of fundamental
understanding of cellular function, dynamics, and/or morphol-
ogy. Recent examples include a correlative microscopy
methodology combining cryo-SXT and cryo-X-ray fluores-
cence mapping to analyze red blood cells infected with a
malarial parasite.”* Soft X-rays in the water window provided
high-contrast 3D absorption images of cellular compartments
like the parasite and digestive vacuole without staining, while
hard X-ray nanobeams (17 keV) excited fluorescence to map
elemental distributions of iron, sulfur, and potassium with high
sensitivity. Cryo-SXT has also been used to visualize and
quantify the morphological changes in red blood cells (RBCs)
associated with Sickle Cell Disease (SCD) and to evaluate the
efficacy of a therapeutic inhibitor, compound SC.”* Research-
ers reconstructed whole, fully hydrated RBCs at a resolution of
approximately 50 nm without the need for sectioning or
chemical fixation that could alter the native state.

3.3. Fluorescence Imaging

Fluorescence imaging has long been used for medical research
because of its capacity to label and track specific molecules,
organelles, cells, or tissues in both in vivo and in vitro
conditions. Its specificity, tunability, and real-time dynamics
make it a powerful tool for various medical research
applications. Using SR as the source of X-rays for fluorescence
microscopy increases the incident photon flux, resulting in
higher sensitivity, measuring speed, and nanoscale spatial
resolution, which allows researchers to measure quantitative
distributions and concentrations of trace elements in biological
samples without destroying the sample.”® It can also be

performed on non-conductive samples, which removes the
surface charging artefacts and need for conductive coating that
can restrict traditional electron-based microscopy on biological
samples.”” For example, synchrotron X-ray fluorescence
microscopy (XFM) has been used to trace chemical elements
and their spatial distribution in different types of microplastics
at different stages of degradation.”® The use of XFM enabled
the researchers to illustrate the presence and, significantly, the
internal spatial distribution of chemical elements (such as Tj,
Zn, Cd, Cu, Cr, Sr, Fe, Br, and Pb) within the individual plastic
fragments. XFM can detect and map the distribution of these
potentially toxic elements with high spatial and temporal
resolution in both organic and inorganic materials, with
important implications for elucidating the metallome of disease
models. Recently XFM was used to map the subcellular
distribution of zinc, iron, and calcium in mouse pancreatic f-
cells before and after immunofluorescence (IF) protocols,”
revealing how the protocols disrupt calcium distribution and
could be improved for better quantitative analysis of disease-
relevant metallome phenotypes. The technique has potential to
be used by researchers investigating how processing and
degradation affects the structural makeup and cytotoxic effects
of microparticles. Tracing the movement of contaminating
surface modifications through their internalization into human
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cells could provide essential information on the mechanism of 472

cellular uptake and on what types of microparticles are the
most damaging.

3.4. Infrared Imaging

Synchrotron radiation infrared (SR-IR) sources are widely
used for infrared spectromicroscopy and spectral imaging
because they offer a brilliance two or three orders of magnitude
higher than conventional thermal sources like a Globar. This
exceptional brightness stems not from producing more total
power, but from the intrinsically small source size and narrow
angular emission of the synchrotron beams.*” High brilliance
enables superior signal-to-noise ratios, near diffraction limited
spatial resolution, and rapid imaging of chemically heteroge-
neous biological samples.

IR spectroscopy provides molecule-specific vibrational
signatures (biomolecular fingerprints) that report on protein
secondary structure, lipid composition, and carbohydrate
chemistry. When coupled with microscopy, IR enables highly
resolved label-free chemical imaging of biomolecules in living
individual cells without stains or fixatives.*”*" This capability is
valuable for probing dynamic biochemical processes such as
apoptosis, necrosis, and cellular stress responses. Beyond
cellular studies, IR spectromicroscopy holds promise for
biomedical diagnostics, including the detection of basal cell
carcinoma in skin and discrimination of disease-associated
molecular phenotypes. Because IR microscopes are embedded
within SR facilities, SR-IR measurements can also be integrated
with complementary synchrotron-based modalities, most
notably X-ray microscopy techniques such as X-ray fluo-
rescence microscopy, on the same sample region. In addition,
SR sources uniquely enable access to the far-IR region
(TeraHertz domain) where conventional sources are limited,
allowing investigation of collective excitations and protein
conformational dynamics.®’

Building on early pioneering demonstrations that established
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SR-IR spectromicroscopy for high-quality chemical imaging of sos

individual living cells,”"** work by Holman and colleagues

firmly positioned synchrotron IR spectromicroscopy as a
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s09 powerful, label-free approach for probing intrinsic cellular
s10 biochemistry with subcellular spatial resolution. Early studies
s11 demonstrated that mid-IR SR beams provide exceptional
s12 signal-to-noise with minimal heating or cytotoxicity, with no
513 detectable loss of viability or biochemical perturbation during
514 minutes-long measurements.”’ SR-based Fourier transform IR
s1s (SR-FTIR) spectromicroscopy further enabled quantitative
s16 resolution of biochemical signatures associated with cell cycle
s17 progression and cell death in individual living human
s18 fibroblasts, representing an early demonstration of live-cell
s19 chemical contrast using this modality.** Building on this
520 foundation, SR-IR was applied to dissect dynamic molecular
521 chemistry in living cells, capturing vibrational signatures of
522 proteins, lipids, nucleic acids, and other biomolecules.*>*
523 Importantly, this approach was extended to functional
524 processes such as neuronal differentiation, where time-resolved
525 spectral changes in single PC12 cells correlated with protein
526 phosphorylation during nerve growth factor—induced differ-
527 entiation, demonstrating real-time, label-free monitoring of
528 post-translational signaling events.®”

5290 Collectively, this work established SR-IR spectromicroscopy
530 as a uniquely powerful tool for revealing chemical hetero-
531 geneity and dynamic biochemical regulation at single-cell
s32 resolution. This capability has since been extended to a wide
533 range of biomedical applications, including cancer biology,
534 stem cell differentiation, neurobiology, and tissue pathology,
535 supporting label-free investigation of disease-relevant bio-
536 chemical states and cellular responses.®*™""

—
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3.5. X-ray Absorption Spectroscopy (XAS)

537 XAS generally requires high brightness X-rays and a tunable
538 source, such as that from a synchrotron, to allow the energy of
539 the incident X-rays to vary while detecting transmission
s40 through the sample, and/or fluorescence or emitted
sa1 electrons.””” Depending on the range of incident energies
s42 used, the method can be referred to as X-ray Absorption Near
s43 BEdge Spectroscopy (XANES) or Extended X-ray Fine
s44 Structure Spectroscopy (EXAFS). The information obtained
545 by XAS is somewhat limited, in that it provides structural,
s46 chemical, and/or geometry information only for the nearest
547 coordinated atoms around the absorbing element.”* However,
s48 the method can provide fundamental information relevant for
s49 biomedical applications,”> such as in characterization of
550 pharmaceuticals and in detection of metals in environmental
ss1 or human samples. For example, XANES was used to measure
ss2 the oxidation state of Pt within cisplatin cancer pharmaceut-
ss3 icals, which was relevant for characterizing the toxicity of the
ss¢ drugs.”® In another example, the method was used to
sss determine the spatial distribution of trace amounts of metals
556 within human amyloid plaques derived from brain tissue.””

_
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4. RADIATION TREATMENT

ss7 Synchrotron X-ray radiation is used both in fundamental
sss studies to characterize dose and dose rate effects relevant to
ss9 radiotherapy research, and in pre-clinical studies using high
s60 brightness X-ray sources directly for cancer treatment.'”
s61 Synchrotron X-ray beamlines are capable of delivering very
s62 high dose rate radiation but can also be attenuated to reduce
563 dose rate, allowing direct comparison between low and high
s64 dose rates, as is relevant for the FLASH studies described
s65 below. Preclinical studies have used highly collimated and/or
s66 focused high intensity synchrotron X-rays for testing microbe-
567 am irradiation of human tissues and animal models.”

4.1. FLASH Effect

The ability of ultra high dose rate (UHDR) radiation to ses
increase cell survival was first observed in 1959 for bacteria s69
irradiated with electrons and X-rays under various oxygenation s70
conditions.” Dose rate studies on mammalian cells and tissue 571
continued for several decades, and in 2014 the term “FLASH 572
effect” was coined in a study showing the differential response 573
of tumor and healthy tissue to high and low dose rate s74
irradiation.’®® Now the phenomenon is well-defined; irradiat- s7s
ing tissue at very high dose rates of hundreds or thousands of s76
Grays per second (Gy/s; Gy = J/kg) maintains the tumor- s77
killing properties of conventional radiotherapy (CONV-RT) s7s
but spares healthy tissue to a greater degree.”’" The potential 579
for more effective cancer treatments using FLASH radiation sso
therapy (FLASH-RT) has generated intense interest in ssi
radiation oncology, since the differential sparing of healthy ss2
tissue means that not only can tumors be treated more ss3
effectively, but also that the side-effects of radiation treatment ss4
can be minimized. The FLASH effect has been demonstrated sss
repeatedly in cancers spanning 23 tumor types and multiple ss6
animal models,'”" using a variety of energy sources including ss7
electron, proton, and photon beams, and is currently in early sss
clinical trials in humans.'®® However, the mechanism(s) sso
behind the effect are still poorly understood,'”® which hinders soo
accurate prediction of side effects and potential interactions s91
with other therapies, as well as effective optimization of s92
radiation treatments. One hypothesis is that rapid oxygen s93
depletion caused by FLASH-RT creates a transiently hypoxic so4
environment that reduces oxidative stress and DNA damage 595
enough to spare healthy cells.'”* This hypothesis rests on the s96
knowledge that tumor cells’ high metabolism causes a buildup s97
of reactive oxygen species (ROS), making them more sensitive 598
to oxidative damage than healthy cells with a basal level of s99
ROS. Therefore, investigating how proteins and DNA are 600
differentially damaged by FLASH treatment in normoxic and 601
hypoxic environments is crucial to determining if and how 602
much transient oxygen depletion might be responsible for the 603
FLASH effect. Another hypothesis is that radical—radical 604
recombination in UHDR relative to CONV dose rates affects s0s
the final yields of ROS products. Other hypotheses rest on 06
differential immune responses, preservation of specific 607
organelles such as mitochondria, or cellular responses to 608
DNA damage. 609

SR is an excellent source for investigating the FLASH effect 610
since very high dose rates required are routinely achievable, 611
while lower dose rates can also be studied using attenuation. 612
Recent studies have been conducted to investigate the FLASH 613
effect at synchrotron X-ray beamlines,'’'%° and FLASH 614
platforms are being developed worldwide, including the 61s
Dresden Platform'®” in Germany for comparison of proton, 616
electron, and y radiation, and a peptide-based synchrotron 617
radiation platform at the Advanced Light Source (ALS) in 618
California."” In the latter, oxygen saturation can additionally 619
be monitored inline, and oxidative modifications to proteins or 620
peptides are measured using liquid chromatography mass 621
spectrometry (LCMS). Using the ALS platform, results from 622
analysis of peptide modifications showed a significant decrease 623
in oxidative modifications under hypoxic conditions, as well as 624
an approximately 50% decrease in modifications after a dose 625
delivered by FLASH-RT compared to the same dose of 626
CONV-RT.'” In total, there was a 4-fold difference between 627
the damage with normoxic CONV-RT and the damage with 628
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hypoxic FLASH-RT, indicating that both dose rate and oxygen
availability affect peptide radiation damage.

4.2. Microbeam Radiation Therapy

Microbeam radiation therapy (MRT) is another recent
advancement in cancer radiotherapy that uses focused
micrometer-scale X-ray beams to spatially target tumor cells
and avoid exposing surrounding healthy tissue to radiation. SR
is used to create a lattice of targeted parallel high dose rate
microbeams alternating with gaps of low dose rate radiation,
decreasing the treatment time needed and minimizing off-
target irradiations.”® The maximum doses possible using MRT
are also much higher than CONV-RT because of their targeted
nature. Instead of irradiating the entire body or a whole tissue,
requiring repeated treatments of less-than-lethal doses for
patient health, MRT allows for lethal doses of up to 1000 Gy
to be delivered specifically to tumors. Preclinical studies show
that MRT significantly minimizes radiation-induced lung
damage, such as pulmonary fibrosis, compared to CONV-
RT.” For example, 50 ym wide microbeams achieving peak
doses of 600 Gy were shown to decrease tumor tissue while
maintaining low fibrosis scores and minimal lung damage.'*®
Furthermore, other studies using 50 ym wide microbeams
observed the absence of microbeam path scarring in lung tissue
12 months post-irradiation,109 suggesting effective lung tissue
repair after micrometric high-dose damage. Despite the
promising preclinical evidence that MRT can achieve local
tumor control and minimize radiation-induced lung toxicity, its
clinical translation is significantly hampered by the limited
availability of specialized synchrotron research facilities
worldwide. The heterogeneity in experimental setups and
dosimetry reporting (e.g, peak doses, valley doses, and dose
rates) across studies also presents a challenge to standardizing
protocols necessary for clinical practice.

Recently Schiiltke et al. demonstrated the feasibility of
microbeam irradiation for the treatment of adherent cultures of
a radioresistant rodent melanoma cell line (F10B16).""° They
achieved an approximate 80% reduction of viable melanoma
cell mass with a 50 gm beam and 400 pm spacing at a dose
rate of approximately 70 Gy/s, potentially triggering the
FLASH effect. Spatially fractioned MRT has also been
combined with synchrotron broad beam radiation in an
aggressive triple-ne%ative breast cancer model (4T1.2 mouse
mammary tumors). ' The SR source provided kilovolt X-rays
that were collimated into microbeams with S0 ym width and
200 pm spacing to deliver nonuniform doses; the peak doses
were in the 100 to 500 Gy range, and valley doses of only a few
Gy. Crucially, the synchrotron delivered these treatments at
ultrahigh dose rates up to 6000 Gy/s, likely inducing FLASH
effect conditions. They saw a substantially improved
therapeutic ratio compared to CONV-RT and the SR-MRT
induced specific local and systemic antitumor immune
responses,l 1 revealing its potential for treating even metastatic
cancers. Furthermore, Engels et al. performed the first long-
term MRT animal survival study at the Australian Synchrotron
on intracerebral gliosarcoma (9LGS) bearing rats. They
correlated in vitro cell response (using high dose rate fields
to radiosensitize tumor cells) with in vivo survival and tumor
dose coverage, successfully increasing lifespan by up to
570%.""? Their results also confirmed with histological
evidence that the normal brain tissue recovered over time,
with only faint microbeam tracks distinguishable in the cured
rat 72 weeks post-MRT, verifying the normal tissue sparing

effect achievable with high-dose-rate SR delivery. These are
only a few examples of the innovative ways in which MRT has
been utilized in combination with synchrotron imaging and
modeling to improve approaches to cancer treatment.

5. RADIATION DAMAGE METHODS

Synchrotron methods to study biomolecules are often used in
conjunction with standard laboratory-based methods, such as
fluorescence or absorption spectroscopy. Many MX beamlines, for
instance, have integrated fluorescence detectors to measure metal
content in protein crystal samples, while others provide additional
photon sources for triggering structural changes within protein
crystals during data collection.'"® For research areas in radiation
damage, synchrotron irradiation can be followed by mass spectrom-
etry analysis in solvent-accessibility structural studies, as with the
method of X-ray footprinting mass spectrometry (XFMS). SR-IR
sources, often combined with fluorescence readouts, can be used for
characterization of subtle changes in tissues that have been irradiated
using other modalities in a low dose regime, as described below for
low dose detection.

5.1. X-ray Footprinting with Mass Spectrometry (XFMS)

XFMS is a relatively recently developed synchrotron structural
biology method based on using solvent accessibility information to
deduce protein structure.''* In this method, synchrotron X-ray
radiation radiolysis of an aqueous buffer produces hydroxyl radicals,
which will modify protein side chains in solvent accessible regions.
The resulting map of modifications is acquired through LCMS, and
that map is used to determine regions where water is either present or
occluded, which reveals ligand binding sites or sites of protein—
protein interaction, and/or structural changes due to folding or
unfolding. Using solvent accessibility to infer protein structure based
on hydroxyl radical modification or enzymatic probes has a long
history, but the first experiments to use synchrotron light for this
method were conducted in the late 1990s at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory.'"> The
advantage of using a high brilliance X-ray source is that experiments
can be conducted on a fast time scale which allows protein interaction
events to be monitored at a sub-millisecond level. The limited time
spent in the X-ray beam also reduces secondary oxidation events.
Since that time, the method has grown in usage, and is often used to
complement MX and SAXS studies, or in conjunction with
biochemical or fluorescence based assays.''®"'” The method can
help provide a fundamental understanding of protein structure, with
specific medical applications in epitope/paratope mapping, antibody
design or characterization, and small molecule binding. A recent
example is the characterization of the interaction between the FDA-
approved antibody Nivolumab and its target immune checkpoint
receptor,"'® which contributed to understanding the basis of cancer
immunotherapy treatments. Currently, there are two synchrotron
XFMS facilities accessible through user programs, one at the ALS at
Lawrence Berkeley National Lab''” and one at the NSLS-II at
Brookhaven National Laboratory.'"’

5.2. Low Dose Detection

Beyond high-dose and ultra-high-dose-rate radiotherapy paradigms,
low-dose radiation biology remains a central and technically
challenging area across radiobiology, radiation protection, and
biomedical research. Biological responses in the ~1 Gy and sub-Gy
regime govern radiation risk assessment, normal-tissue tolerance,
environmental and occupational exposure limits, space radiation
effects, and the development of biodosimetry and medical counter-
measures. Unlike high-dose effects, which often manifest as overt cell
death or tissue injury, low-dose responses are frequently subtle,
heterogeneous, and nonlinear, involving adaptive signaling, redox
imbalance, metabolic reprogramming, and non-targeted effects that
are difficult to capture using conventional morphological or survival-
based end points.

SR provides a uniquely powerful platform for interrogating these
low-dose regimes by combining precise dose and dose-rate control
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Figure 2. World map showing locations of synchrotron facilities used in the reviewed research.

754 with high-sensitivity, label-free readouts of biochemical and cellular
755 response. Synchrotron beamlines allow systematic comparison of
756 dose, dose rate, and spatial heterogeneity within the same

757 experimental framework, enabling mechanistic studies of low-dose
758 radiation effects that are not readily accessible using conventional
759 laboratory sources.

760
761

At the biochemical level, SR-FTIR spectromicroscopy has emerged
as a sensitive, non-destructive modality for detecting radiation-
762 induced changes that precede or occur independently of gross
763 morphological damage. SR-FTIR has been applied to characterize
764 radiation-dependent alterations in proteins, lipids, and nucleic acids
765 following spatially fractionated irradiation paradigms.'””'** These
766 studies demonstrate that distinct vibrational signatures can report on
767 stress responses across heterogeneous dose fields, revealing
768 biochemical modulation even at low effective doses where conven-
769 tional end points lack sensitivity. Because SR-FTIR employs low-
770 energy mid-infrared photons that do not induce ionization, it is well
771 suited for longitudinal and repeated measurements, enabling

772 detection of low-dose exposure and delayed biochemical responses
123

773 that are otherwise challenging to resolve.
774 Mechanistic insight into low-dose radiation effects has also been
775 advanced by SR X-ray microbeam irradiation at low doses, which

776 allows energy deposition to be confined to specific cellular
777 compartments with micrometer or sub-micrometer precision.
778 Microbeam studies have demonstrated that bystander responses in
779 the ~1 Gy region depend strongly on the spatial location of energy
780 deposition, with distinct outcomes observed when irradiation is
781 targeted to the nucleus versus the whole cell.'”** Related work has
782 revealed nonlinear bystander mutagenesis responses around ~1 Gy,
783 including reductions in mutation frequency under specific irradiation
784 geometries, underscoring the complexity of low-dose, non-targeted
785 effects.'”® These findings are supported by broader reviews high-
786 lighting SR microbeams as uniquely powerful tools for dissecting
787 bystander and rescue phenomena, which are increasingly recognized
788 as important contributors to tissue-level radiation response.'>*'*”

789 In parallel with irradiation studies, SR facilities support dose-aware,
790 high-information imaging modalities that balance sensitivity against
791 radiation burden. Hard X-ray fluorescence microscopy (XFM)
792 combined with phase-contrast imaging enables simultaneous mapping
793 of elemental distributions and cellular morphology, allowing
794 radiation-induced elemental redistribution to be evaluated within a

structural context.'”® At still higher spatial resolution, coherent 795
diffraction and ptychographic imaging have been applied to biological 796
targets such as chromosomes, with explicit consideration of low-level 797
irradiation and radiation damage constraints during measurement, 798
emphasum§ the importance of dose budgeting as resolution 799
increases. 800

Taken together, low-dose SR studies form a foundational pillar of so1
modern radiation science, complementing high-dose radiotherapy so2
advances while addressing questions that extend across risk 803
assessment, normal-tissue biology, biodosimetry, and countermeasure 804
development. By enabling precise irradiation control alongside 805
sensitive, non-destructive readouts, SR platforms uniquely position 806
low-dose radiation research to inform both fundamental biology and s07
translational applications. 808

6. CONCLUDING REMARKS

There are currently several dozen synchrotron X-ray facilities 809
worldwide (see, for instance, lightsources.org), many of which s1o
provide beamlines used for research in clinical applications or 811
fundamental biomedical research, underscoring the importance 812
of synchrotron radiation in the biomedical sciences. Table S1 813
lists the synchrotron facilities used for research we have 814
discussed in this article. Some methods, such as MX, are sis
considered routine and are highly automated, enabling remote 816
access for ease of use; for these beamlines users typically send 817
frozen protein crystals and control the beamline from off-site. 818
These capabilities were especially useful during the recent 819
COVID pandemic, in which onsite access was limited but s20
protein structures were required for design of therapeutics. 821
Other methods, such as MRT, are relatively recent and still s22
under development, but show high promise for use in cancer 823
treatment or diagnosis. Many synchrotron beamlines specialize 824
in a given method, such as tomography, X-ray absorption, CDI, 825
or SAXS, with a subset of projects devoted to biological s26
samples. Examples of these include the Swiss Light Source s27
TOMCAT beamline, optimized for dynamic X-ray imaging for s28
time-resolved studies, the European Synchrotron Radiation s29
Facility (ESRF) ID16A nanoimaging beamline, the SLS cSAXS s30
beamline for coherent SAXS studies, and the Elettra s31
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832 Synchrotron TwinMic beamline which provides dual fluo-
833 rescence and transmission microscopy modes. A few beamlines
834 are primarily focused on general medical research with wide-
83s ranging technical capabilities, such as the Australian Synchro-
836 tron’s Imaging and Medical Beamline, Elettra’s Synchrotron
837 Research for Medical Physics beamline, and the Biomedical
838 Imaging and Therapy Facility (BMIT) beamline at the
839 Canadian Light Source which developed a multiple energy
840 imaging system using a polychromatic beam. Because
841 synchrotrons provide a continuous and tunable energy range,
842 beamlines can implement multispectral imaging methods in
843 order to collect simultaneous structural and chemical
844 information from samples and/or to reach a range of
845 absorption edges for characterizing complex biological samples.
846 These are only a few examples of the many facilities and
847 beamlines used for the research reviewed here (Figure 2).

848 As synchrotron facilities continue to be upgraded to produce
849 higher brightness sources, current capabilities will be enhanced
850 and new applications will be made possible. For example, when
851 NSLS was replaced with NSLS-II in 2014, the new diffraction
852 and scattering beamlines were equipped with higher capacity,
853 throughput, and resolution."””"*" The Advanced Photon
854 Source was recently upgraded to a multi-bend achromat rin§
8ss and its beamlines are in the process of recommissioning,13
856 while the ESRF ring and beamline upgrades were completed in
857 2022."* The current list of facility upgrade projects in progress
8s8 or planned are too numerous to be listed here, but examples
859 include the ALS, the Diamond Light Source, and SPring-8,
860 which have planned upgrades due to be completed in the later
861 part of this decade.

862 Despite the large cost of building and maintaining a
863 synchrotron facility, many countries have invested in these
864 facilities as national resources, and the fact that many go
86s through continuous upgrades speaks to the importance of the
866 science conducted at these facilities. Here we have reviewed
867 the types of research and methods at synchrotron facilities in
868 the biological sciences that bolster medical knowledge and lead
869 to clinical applications.
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