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ARTICLE INFO ABSTRACT

Keywords: DNA is much continuously exposed to endogenous and exogenous agents that induce damage, potentially leading

DNA dam?ge to genomic instability, disease development, and aging. Detecting DNA damage and understanding associated

ENA rell(’a‘r repair mechanisms are essential for advancing diagnostic techniques, biosensors, and therapeutic interventions.
lomarkers

Since DNA damage varies, the desired measurement approach differs, highlighting the need for an unbiased
exploration of DNA damage biomarkers, along with a critical analysis of various quantification methods.
Therefore, this review aims to provide a comprehensive overview of current methodologies for measuring DNA
damage, focusing on direct detection of DNA lesions and indirect measurement of repair enzymes. We discuss
various analytical, biochemical, and imaging techniques, identify the limitations in existing technologies and
suggest future directions. This review emphasizes the growing need for advanced tools to measure DNA damage,
which is set to play a transformative role in early disease detection, optimizing treatments, and supporting safe

Measurement techniques
Personalized medicine
Biosensors

human space exploration.

1. Introduction

DNA damage is a ubiquitous event originating from endogenous
metabolic processes and exogenous environmental factors, including
radiation, chemicals, and ultraviolet (UV) light. If unrepaired, these
damages can compromise genomic integrity, leading to mutations,
cellular dysfunction, and various diseases such as cancer, neurodegen-
erative disorders, and aging-related conditions [1-4]. To mitigate these
threats, cells have evolved complex repair mechanisms, including BER,
NER, and DSB repair, each specialized to address specific types of DNA
damage [5] (see Table 3)

As advancements in genomics and molecular biology research
continue, the ability to accurately detect and quantify DNA damage has
become essential. Beyond foundational biological research, assessing

DNA damage and repair has significant implications across clinical di-
agnostics, environmental monitoring, and space medicine. Clinically,
early detection of DNA damage can aid in diagnosing diseases such as
cancer and predicting patient response to therapies, particularly those
targeting DNA repair pathways [5-7]. In environmental studies, moni-
toring DNA damage induced by pollutants or radiation offers insight into
ecosystem health and public safety [8]. For space exploration, under-
standing DNA damage owing to cosmic radiation is essential for
ensuring astronaut safety during prolonged missions [9,10]. Given the
diverse applications, it is crucial to understand the various DNA damage
biomarkers suited for each specific purpose. Furthermore, since the
appropriate measurement approach varies depending on the primary
objective—such as precision screening or real-time monitoring—it is
essential to conduct a comprehensive study that is not limited by
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damage type or detection method.

This review aims to provide a comprehensive overview of contem-
porary methodologies for detecting and measuring DNA damage and
repair processes. Chapter 2 classifies DNA damage into three types based
on their repair pathways: oxidative damage, UV-induced modifications,
and DSBs. It details the application of techniques such as high-
performance liquid chromatography (HPLC), mass spectrometry (MS),
polymerase chain reaction (PCR), and advanced imaging methods for
accurately measuring these damages. Conversely, Chapter 3 focuses on
DNA repair biomarkers, such as enzymes and proteins, using biosensors,
fluorescence, and immunoassays to assess enzymatic activities rather
than direct DNA damage. The review highlights direct DNA lesion
detection (Chapter 2) and indirect repair enzyme measurement (Chapter
3), providing various methods and critically evaluating their respective
advantages and limitations. Moreover, Chapter 4 discusses the clinical
applications of DNA damage detection, including cancer diagnostics,
targeted therapy, treatment efficacy monitoring, and the study of aging
and age-related diseases.

In this review, we hope to present the current landscape of DNA
damage detection technologies and their applications, while also sug-
gesting future directions for developing highly sensitive, real-time bio-
sensors. These innovations are expected to significantly enhance disease
diagnosis, treatment personalization, and the management of age-
related diseases. Furthermore, as space exploration advances beyond
the orbit of the Earth, robust systems for monitoring DNA integrity will
be essential for the prolonged sustainability of human space exploration.

2. DNA damage-related markers and their measurement

While numerous types of DNA damage exist, the feasibility of mea-
surement varies owing to their different aspects of structural and
chemical changes. Base mismatches, commonly induced by replication
stress, lead to subtle structural alterations in the DNA helix, making it
challenging to differentiate them from normal base pairs, thereby
complicating damage detection [11]. Conversely, DNA damage types
such as bulky lesions crosslinks or single-strand breaks involve signifi-
cant chemical and structural alterations induced by oxidation, alkyl-
ation, and deamination, making them easier to detect compared to those
of base mismatches [5]. DSBs, where both DNA strands are simulta-
neously severed, require specialized measurement strategies [12]. Since
directly measuring the break is challenging, alternative methods focus
on identifying associated byproducts. Given the specificity of each
damage type, direct measurements of biomarkers for DNA damage that
can be repaired by the NER or BER pathways or result from DSBs are
discussed in this chapter. Table 1 summarizes the methodologies
employed to measure these types of DNA damage (see Fig. 1).

2.1. Measurement of markers repaired via the BER pathway — single-base
lesions

Single-strand breaks can arise from various factors, including expo-
sure to ionizing radiation, certain chemicals, or errors during DNA
replication or repair processes. These breaks often lead to oxidation,
alkylation, base deamination, or the excision of purines (adenine and
guanine) and pyrimidines (cytosine and thymine). In this context,
measurement approaches should focus on identifying the chemical and
structural changes in DNA. Fig. 2a—e shows representative approaches
for measuring damage markers repaired via the BER pathway.

One result type is the oxidation of nucleobases such as 8-hydroxy-2'-
deoxyguanosine (8-OHdG), formamidopyrimidine (FapyG), and
thymine glycol. In aerobic organisms, reactive oxygen species (ROS) are
continuously generated in living cells owing to metabolic, physiological,
and other biochemical activities. While ROS plays essential roles, their
reactivity can damage DNA by generating additional radicals within
DNA bases, leading to oxidation products [13,14]. Among these,
8-OHdG—which forms from guanine oxidation—is the most extensively

Table 1
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Summary of DNA damage biomarkers, their corresponding detection methods,
and findings regarding sensitivity and detection limit.

Damage Biomarker Method Findings Ref.
type
Single- 8-OHdG HPLC-ECD Detected urinary 8- [19]
base OHdG with
lesions nanogram-level
detection limit per
mL.
Single- 8-OHdG HPLC- ECD Measured salivary 8- [17]
base OHAG in non-
lesions smokers averaged
3.80 ng/mL with a
detection limit of
<0.2 ng/mL, and the
levels were
significantly higher
in smokers.
Single- 80x0G HPLC Sufficient resolution [50]
base for 8-0x0G can be
lesions achieved with at
least 100 pg of DNA.
Single- 8-OHdG HPLC- ECD Quantified human [18]
base combined with SPE  serum 8-OHdG with
lesions low LOD <10 pg/
mL.
Single- 8-OHdG LC-MS Identified one [51]
base oxidized
lesions deoxyguanosine per
5 x 10°
deoxyguanosine.
Single- FapyG HPLC, GCMS, Identified FapyGua [22]
base COMET lesions in DNA with a
lesions detection limit of 3
FapyGua per 10°
bases.
Single- Thymine 32P 32P-postlabeling [52]
base glycol assay to identify
lesions radiogenic DNA
damage, identifying
that thymine glycols
are formed in
irradiated DNA with
a G value of 0.0022
umol J71.
Single- Thymine GC-MS Identified thymidine [26]
base glycol glycol in DNA,
lesions achieving a
detection limit of 41
amol and measuring
background levels of
11.7 x 10® mol
thymidine glycol per
mol thymidine in
undamaged DNA.
Single- Thymine LC-MS Achieved LOD of one [53]
base glycol lesion per three
lesions million nucleotides,
with sensitivity high
enough to measure
as little as 1 pmol.
Single- Thymine Capillary Detected thymine [27]
base glycol electrophoresis and  glycol with a
lesions laser-induced detection limit of 3
fluorescence x 107! mol and
observed enhanced
repair in A549 cells
post low-dose
radiation exposure.
Single- Uracil Real-time PCR Quantified uracil [29]
base with a sensitivity of
lesions 1000 uracils per

million bases,
improved with
longer DNA
fragments.

(continued on next page)
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Table 1 (continued)

Table 1 (continued)
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Damage Biomarker Method Findings Ref. Damage Biomarker Method Findings Ref.
type type
Single- Hypoxanthine  Aggregation Achieved LOD of 1.2 [30] Bulky CPD Oligonucleotides Detected at the [62]
base luminogen uM with a linear lesions with magnetic nucleotide level,
lesions range of 5-120 pM. beads improving specificity
Single- Hypoxanthine = Carbon paste Achieved linear [32] and reducing
base electrode response in the range background labeling
lesions of 1-0.4 mM with a in DNA samples.
LOD of 0.8 mM. Bulky CPD Sensitive Detected in [63]
Single- Hypoxanthine  Colorimetric assay Achieved linear [33] lesions nonradioactive mammalian cells,
base range of 2.50-153.1 LOD as low as 0.1 J/
lesions mg/kg with a LOD of m? of UV exposure.
1.84 mg/kg, applied DSB y-H2AX Fluorescence Detected with a [47]
to the detection of detection sensitivity down to
Hx in an aquatic 0.5 Gy of radiation
product. exposure.
Single- Hypoxanthine ~ HPLC Achieved LOD of 0.5 [54] DSB y-H2AX IR dose response Detected with a [46]
base pmol/L and capable sensitivity of 0.02 Gy
lesions of simultaneous of ionizing radiation
determination of in human
hypoxanthine and lymphocytes.
xanthine in biofluid. DSB y-H2AX Laser scanning Detected yH2AX foci [48]
Single- Hypoxanthine  Smartphone Multicolor sensing [31] cytometry in buccal cells with a
base method with LOD of detection sensitivity
lesions 0.378 pM, enabling down to 1 Gy of
rapid on-site ionizing radiation
freshness assessment exposure.
of aquatic products. DSB y-H2AX Flow cytometry, Detected with a [45]
Single- AP sites Formation, Achieved LOD of 1 [55] western blotting sensitivity of
base detection AP site per 10° bases detecting DNA
lesions using [14C] damage down to 1
methoxyamine Gy of radiation.
labeling. B . .
Single- AP sites ARP assay Achieved sensitivity [37] *HPLC: high-performance liquid chromatography.
base of one AP site per * ECD: electrochemical detection.
lesions 10%-10° bases, * GC-MS: gas chromatography-mass spectrometry.
which can be * LC-MS: liquid chromatography—mass spectrometry.
enhanced to one AP * ARP assay: aldehyde reactive probe assay.
site per 10° bases * LM-PCR: ligation-mediated polymerase chain reaction.
usingba nitrocellulose * IR dose: ionizing radiation dose.
Single- AP sites ARP assay :lli?-slr:tnliiot assay [56] * LOD: limit of detection.
base reached an LOD of * 8-OHdG: 8-hydroxy-2-deoxyguanosine.
lesions 0.24 AP sites per 10°
nucleotides. studied biomarker of oxidative DNA damage, with significant implica-
S";gle' AP sites ARP assay :;hlived L?gff one  [57] tions for assessing endogenous oxidative damage to DNA and its role in
1 eassiz s nu Ci; fﬁlﬁs, initiating and promoting carcinogenesis [15,16]. HPLC is commonly
equivalent to 15 used for quantitative analysis of 8-OHdG from urine or saliva and is
fmol. often coupled with MS or electrochemical detection (ECD) methods to
Bulky 6-4 PP LM- PCR Detected as few as (401 enhance accuracy and reliability (Fig. 2a) [17-19]. While commercially
lesions 100 DNA molecules. available enzyme-linked immunosorbent assay (ELISA) kits enable
Bulky 6-4 PP, CPD Fluorescent- Used fluorescently [42] . R R .
lesions labeling labeled photolyases convenient detection of 8-0xoG lesions, HPLC assays with UV and ED
to detect CPDs and 6- offer more definitive identification and quantification of 8-oxoG [17].
4PPsinlive cellsata Additionally, liquid chromatography-tandem mass spectrometry
detection thrEShfld (LC-MS/MS) provides more accuracy compared to that of ELISA. How-
as low as 1 J/m*. . . .
Bulky 6.4 PP, CPD LM- PCR Had a sensitivity of [58] ever, HPLC-ECD offers a more economical and accessible option for
lesions detecting as low as large-scale epidemiological studies [17,20]. FapyG—another modified
0.5 CPD or 6-4 PP nucleobase that undergoes oxidative damage—exhibits even higher
lesions per 10° mutagenicity in mammalian cells compared to that of 8-OHdG [21].
Bulky 6-4 PP, CPD LCMS, Eg%e::i ijas 01y [38] HPLC, coupled V\.Iith various techniques. s.uch as GC-MS, EC, and UV is
lesions Immunoassay m? of UV exposure. used for detecting FapyG [22]. Additionally, the comet assay or
Bulky CPD Comet Assays Measured the [59] single-cell gel electrophoresis, is used for measuring DNA damage. It can
lesions damage at the single- be calibrated using data from HPLC/GC-MS to establish background
celllevel. levels, yields of strand breaks, and DNA base damage from low-dose
Bulky CPD LM- PCR Detection sensitivity [60] . L
lesions of 600 J/m? of UV irradiation [22].
exposure. While guanine biomarkers are commonly studied regarding oxida-
Bulky CPD Near-infrared Aquaphotomics was [61] tive DNA damage, thymine also has its oxidative damage markers, with
lesions radiation able to detect with

LOD of 0.77 pM for
cis-syn thymine
dimers.

thymine glycol as a key example. This marker is significant because, if
unrepaired before encountering the replication fork, it can block DNA
polymerase, potentially leading to cell death [23]. Although thymine
glycol exhibits low mutagenic potentials, with a low rate of T—C mu-
tations, it strongly inhibits repair and replicative DNA polymerases in
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Fig. 1. Overview of DNA damage and repair-related markers. The upper section

shows damages repaired by BER, resulting from oxidation, deamination, and

chemical modifications; NER, which addresses UV-induced lesions; and DSBs, with the phosphorylation of H2AX by ATM kinase in response to DNA damage. The
lower section highlights the involvement of various DNA repair proteins in BER, NER, and DSB repair. BER, base excision repair; NER, nucleotide excision repair;

DSBs, double-strand breaks.
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Fig. 2. Measurement of DNA damage-related markers. (a—e) Detection of damage markers repaired via BER. (a) Detected 8-OHdG in saliva via HPLC-ECD.
Reproduced with permission from ref. [17]. (b) Thymine glycol measured via GC-MS, showing signals for three isotopomers: m/z 347 (background), m/z 348
(thymidine glycol), and m/z 352 (internal standard). Reproduced with permission from ref. [26]. (c¢) Thymine glycol yield from irradiated calf thymus DNA.
Reproduced with permission from ref. [27]. (d) Detection of hypoxanthine using a fluorescence assay based on aggregation-induced emission luminogen. Reproduced
with permission from ref. [30]. (e) Detected AP sites using biotinylated aldehyde-specific reagent, ARP, and a colorimetric ELISA-like assay to quantify biotin-tagged
AP sites. Reproduced with permission from ref. [37]. (f, g) Detected UV-induced damage repaired via NER. (f) CPD and T(6-4)T photoproducts analyzed through
HPLC-DAD chromatograms (left) and UHPLC-Q-TOF MS (right). Reproduced with permission from ref. [40]. (g) Outline of (6-4) photoproduct detection by LM-PCR.
Reproduced with permission from ref. [38]. (h, i) Detected DSB markers. (h) y-H2AX quantified following varying doses of ionizing radiation (IR). Reproduced with
permission from ref. [46]. (i) Laser scanning cytometry used for visualization. Reproduced with permission from ref. [48]. HPLC-ECD, high-performance liquid
chromatography with electrochemical detection; GC-MS, gas chromatography-mass spectrometry; AP, Abasic; ARP, aldehyde reactive probe; UV, ultraviolet; CPD,
Cyclobutane pyrimidine dimers; HPLC-DAD; HPLC with diode-array detection; UHPLC-Q-TOF MS, ultra-high-performance liquid chromatography-quadrupole time-
of-flight mass spectrometry; LM-PCR, ligation-mediated polymerase chain reaction; 8-OHdG, 8-hydroxy-2-deoxyguanosine; ELISA, enzyme-linked immunosor-

bent assay.

vitro [24]. In vivo, unrepaired thymine glycol can be lethal unless
bypassed by trans-lesion synthesis or recombination mechanism [25].
The lesion, such as guanine biomarkers, can be measured using chro-
matographic techniques, including LC-MS/MS or gas chromatography
(GC)-MS. GC-MS is particularly valuable for identifying volatile or
semi-volatile derivatives of thymine glycol following chemical deriva-
tization. Naritsin et al. quantified thymidine glycol residues using
GC/electron capture negative ionization MS, allowing for precise
quantification at trace levels, making it ideal for analyzing thymine
glycol in complex biological samples [26]. (Fig. 2b) To further enhance
sensitivity beyond chromatographic methods, researchers combined
immunochemical recognition with capillary electrophoresis and
laser-induced fluorescence detection, achieving an impressive detection
limit of 3 x 102! mol. Le et al. demonstrated that lower radiation doses
(starting at 0.01 Gy) generate detectable levels of thymine glycol [27].
(Fig. 2¢) Such advanced techniques surpass traditional chromatographic
limits, offering valuable tools for studying DNA damage under low-dose
radiation or other subtle oxidative stress conditions.

The second type of damage involves the deamination of nucleobases,
with uracil and hypoxanthine as representative markers. Uracil arises
from the deamination of cytosine, while hypoxanthine forms from that
of adenine. The accumulation of these markers can also contribute to
carcinogenesis and genomic instability [28]. Horvath et al. introduced a
quantitative method for assessing uracil in DNA using a real-time PCR
assay [29]. This method uses wild-type Pyrococcus furiosus DNA poly-
merase, which binds strongly to uracil and stalls on uracil-containing
templates, enabling direct measurement of uracil content. However, as
discussed in Chapter 3, indirect approaches, such as detecting
uracil-DNA glycosylase (UDG), are more commonly studied for uracil
measurement.

Hypoxanthine possesses unique characteristics, serving as a marker
of intracellular energy status or certain pathological conditions and as a
marker of freshness in aquatic products, especially during the early
stages of spoilage [30,31]. Consequently, various sensing techniques
have been developed for its detection, including fluorescence, electro-
chemical methods, chemiluminescence, and electrochemiluminescence
[30]. Hu et al. developed a carbon paste electrode for detecting hypo-
xanthine using cyclic voltammetry [32]. This sensor utilizes a sodium
montmorillonite-methyl viologen-modified carbon paste electrode,
where oxygen consumption during the enzymatic reaction is used to
quantify hypoxanthine within a linear response range of 1-0.4 mM.
Fig. 2d shows a fluorometric assay using an aggregation-induced emis-
sion active fluorescent luminogen, which detects and quantifies hypo-
xanthine in a “turn-on” manner [30]. This method demonstrates high
sensitivity with a linear range extending up to 120 mM and a limit of
detection (LOD) of 1.2 mM, which aligns well with endogenous hypo-
xanthine levels in human plasma and urine. Additionally, colorimetric
approaches have been developed, utilizing the peroxidase-like activity
of Co-doped g-C3Ny4 or the specific properties of manganese dioxide
(MnO,) nanosheets, which oxidize colorless 3,3',5,5-tetramethylbenzi-
dine (TMB) into yellow TMB2t [31 ,33]. These colorimetric methods can
now be applied in smartphone-based applications, enabling convenient

and portable hypoxanthine detection [31].

Unlike the previous two types of DNA damage, which arise from
oxidation or deamination involving chemical modification, AP sites
represent a DNA damage type characterized by structural changes owing
to the loss of a DNA base [34]. The aldehyde reactive probe (ARP) assay
(Fig. 2e) is a predominantly used method for measuring AP sites. ARP
specifically reacts with the open-ring aldehyde group of the deoxyribose
sugar at AP sites, forming a stable ARP-DNA adduct [35,36]. The
ARP-labeled DNA can be identified by binding it to streptavidin conju-
gated with horseradish peroxidase (HRP) and incubating it with a
chemiluminescent substrate for an optical readout. Alternatively, the
DNA can be directly bound to fluorescently tagged streptavidin for
fluorescence measurement, or click chemistry can be employed to
replace biotin with a fluorescent dye, such as Cy5 [36,37]. These
colorimetric, fluorometric, or chemiluminescent readouts provide sim-
ple, rapid, and sensitive means to measure AP sites.

2.2. Measurement of markers repaired via the NER pathway — bulky
lesions

When DNA is exposed to external stimuli such as UV light, damage
can result in covalent bond formation on pyrimidine bases, such as
thymine and cytosine. This bonding leads to the creation of cyclobutane
pyrimidine dimers (CPDs). If bonding occurs between the carbon at
position 6 of one pyrimidine base and at position 4 of an adjacent py-
rimidine base, respectively, it forms 6-4 photoproducts (6-4 PPs) [38].
These lesions are highly mutagenic and play a significant role in
developing skin cancer, making their detection essential [39]. PCR,
LC-MS, immunoassay, and fluorescent labeling serve as representative
approaches for measurement. Fig. 2f and g shows some examples.

Fig. 2f shows the ligation-mediated PCR (LM-PCR) method devel-
oped by Pfeifer et al. for detecting 6-4 PPs, demonstrating its potential to
map adduct frequency at single-nucleotide resolution in single-copy
genes of mammalian cells [40]. Moreover, Lai et al. suggest the use of
UHPLC-MS/MS, which allows differentiation and characterization of
these pyrimidine dimer lesions despite their identical molecular weights
[38]. (Fig. 2g) Additionally, for high-sensitive assays, the immune-slot
blot technique can be employed to identify or quantify DNA adducts
using specific monoclonal antibodies (if available), ensuring no
cross-reactivity with normal or altered DNA nucleobases [41]. However,
despite their high sensitivity, these methods are limited to endpoint
measurements and are not suitable for real-time monitoring of DNA
damage within living cells [42].

To address this limitation, Barbara et al. developed a novel method
using fluorescently-tagged photolyases to directly recognize and quan-
tify UV-induced DNA damage with high sensitivity in living cells. This
method not only allows for efficient identification of UV-induced DNA
damage without inhibiting NER activity but also enables immediate
reversal of DNA damage using 405 nm laser-assisted photo-reactivation
during live-cell imaging. These advancements offer novel possibilities
for real-time DNA damage repair in cellular contexts.
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2.3. Measurement of byproducts from DSBs

DNA DSBs can arise within biological systems owing to various
factors, including replication stress, endogenous ROS, and exposure to
exogenous sources such as ionizing radiation and genotoxic compounds
[12]. In response to these lesions, the DNA damage response mechanism
is rapidly activated at the specific damage site. One of the earliest
cellular responses to DSBs is phosphorylation of the histone protein
H2AX at its C-terminal region, referred to as y-H2AX, upon phosphor-
ylation [43]. Two primary approaches are commonly used to measure
y-H2AX, namely microscopy-based and cytometry-based techniques.

Fluorescence microscopy allows for visualizing y-H2AX foci by im-
munostaining cells with primary y-H2AX antibodies, followed by fluo-
rescently labeled secondary antibodies. A significant advantage of this
method is its ability to identify solitary DNA DSBs within single cells

Trends in Analytical Chemistry 189 (2025) 118246

[44]. Furthermore, fluorescence-based, such as western blotting and
flow cytometry, can be used to quantify overall y-H2AX protein levels
across various cell types and tissues [45]. In radiation biology, a
well-established positive correlation exists between the number of DNA
DSBs and y-H2AX foci formation. A study demonstrates a linear increase
in y-H2AX foci per cell, which directly correlated with the initial radi-
ation doses of 0.2-5 Gy, observed at 24-h and 48-h post-exposure in
human blood samples and skin cells [46]. (Fig. 2h)

Flow cytometry enables rapid quantification of overall y-H2AX in-
tensity across different cell populations, facilitating the assessment of
v-H2AX levels across various cell cycle phases [47]. This technique also
enables the simultaneous measurement of additional cellular proteins or
markers involved in DNA damage and repair pathways. In lymphocytes,
flow cytometry-based quantification of y-H2AX intensity shows a qual-
itative correlation with the number and size of y-H2AX foci, which are

Table 2
Summary of DNA repair enzymes, detection methods, and findings regarding sensitivity and limit of detection.
Damage type  Lesion Enzyme Method Findings Ref.
Single-base 8-OHdAG 0GG1 Fluorescence-based assay ~ Fluorescence emission triggered by OGG1 activity on 8-OHdG-labeled DNA duplex. [66]
lesions
Single-base 8-OHdG 0OGG1 CRISPR-Cas12a based Removal of 8-OHdG initiates SDA and Cas12a activation, producing fluorescence witha  [67]
lesions biosensor detection limit of 4.24 x 10~° U/pL in 40 min.
Single-base 8-OHdAG 0GG1 DNAzyme-based Lambda exonuclease releases a G-quadruplex sequence, forming a DNAzyme that [68]
lesions colorimetric assay generates color change with a LOD of 0.01 U/mL.
Single-base 8-OHdG 0GG1 Nanopore-based sensor OGG1 cleaves 8-OHdG, producing DNA fragments detected by current blockades witha  [69]
lesions detection limit of 6.5 x 10~ U/mL.
Single-base FapyG FPG Self-primed RCA FPG cleaves 8-OHdG, initiating RCA to amplify fluorescence with a detection limit of [71]
lesions 1.033 U/mL.
Single-base FapyG FPG Fluorescent copper FPG recognizes and excises 8-OHdG, producing ssDNA as a CuNC template with a [72]
lesions nanoclusters detection limit of 0.01 U/mL.
Single-base FapyG FPG DNAzyme-assisted signal FPG activity restores fluorescence by cleaving a DNAzyme substrate with a detection [73]
lesions amplification limit of 0.66 U/mL.
Single-base Thymine glycol =~ NTHL1 FRET-based DNA probes NTHL1 cleaves thymine glycol, disrupting FRET and increasing fluorescence to detect ~ [74]
lesions enzyme activity.
Single-base Uracil UDG Luminescent switch-on UDG removes uracil, forming a G-quadruplex that activates a DID-VP probe withaLOD  [77]
lesions assay of 0.005 U/mL.
Single-base Uracil UDG qPCR-based assay UDG removes uracil, reducing PCR amplicon yield for precise enzyme activity [78]
lesions quantification.
Single-base Hypoxanthine AAG Fluorescence-based assay =~ AAG excises damaged bases, initiating hyperbranched DNA formation and [81]
lesions fluorescence, with a detection limit of 0.090 U/mL.
Single-base Hypoxanthine AAG Quantum dot FRET AAG excises deoxyinosine, triggering strand displacement and a FRET signal increase, [82]
lesions nanosensor with a detection limit of 3.60 x 1071° U/pL.
Single-base Hypoxanthine AAG Triple-signal AAG excises deoxyinosine, initiating triple-signal amplification with a detection limitof ~ [83]
lesions amplification 0.026 U/mL.
Single-base AP sites APE1 Fluorescent biosensor AP site cleavage triggers TdT elongation and Endo IV cleavage, generating fluorescence ~ [85]
lesions with a detection limit of 1.7 x 107® U/mL.
Single-base AP sites APE1 Fluorescence-based assay =~ APE1 cleaves the AP site, releasing ATMND and restoring fluorescence, with a detection ~ [86]
lesions limit of 0.04 U/mL.
Bulky CPDs and 6-4 UV-DDB EMSA UV-DDB binds to damaged DNA, altering gel migration to allow quantification of its [80]
adducts PPs binding affinity and activity.
Bulky CPDs and 6-4 UV-DDB Chromatin digestion Approximately 70 % of DDB2 localized to solubilized internucleosomal sites after UV [91]
adducts PPs assay exposure, enabling precise quantification of UV-DDB in chromatin structures.
Bulky CPDs and 6-4 CSB Western blot CSB protein levels were quantified using specific antibodies normalized against HSP90, [93]
adducts PPs providing precise CSB measurement.
Bulky CPDs and 6-4 CSB qXR-Seq CSB plays a critical role in excision repair, with double knockout cells showing 0.3 % [95]
adducts PPs repair activity compared to wild-type, underscoring its importance in DNA repair.
DSBs DSBs Ku Biochemical assays and Ku dissociation from DNA ends was detected using pull-down assays and real-time [100]
heterodimer FRAP FRAP, demonstrating the phosphorylation-dependent release of Ku from DNA.
DSBs DSBs Ku Western blot analysisand ~ Ku70/Ku80 protein levels and phosphorylation status were quantified using Western [101]
heterodimer kinase assays blot and phosphorimager to assess dissociation and phosphorylation dynamics.
DSBs DSBs MRN IHC MRN complex protein levels were measured in ovarian carcinoma samples using IHC, [102]
complex with quantification based on nuclear staining intensity.
DSBs DSBs MRN LC-MS/MS MRN complex components MRE11, RAD50, and NBS1 were quantified at the molecular [104]
complex level using LC-MS/MS.

*RCA, rolling circle amplification.
*FRET, fluorescence resonance energy transfer.

*EMSA, electrophoretic mobility shift assay.
*gXR-Seq, quantitative excision repair sequencing.

*FRAP, fluorescence recovery after photobleaching.
*JHC, immunohistochemistry.
*LC-MS/MS, liquid chromatography-tandem mass spectrometry; CSB, Cockayne syndrome group B; UDG, uracil-DNA glycosylase; APE1, apurinic/apyrimidinic
endonuclease 1; ATMND, 2-amino-5,6,7-trimethyl-1,8-naphthyridine; AAG, alkyladenine DNA glycosylase; FPG, formamidopyrimidine glycosylase.
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visually assessed using fluorescence microscopy.

Laser scanning cytometry (LSC) has recently emerged as an effective
method for assessing cellular DNA content to determine cell cycle stages,
especially when combined with multiple y-H2AX parameters (e.g., area,
integral, and MaxPixel) following DNA damage induction [48]. In
human buccal cell nuclei, visually scored y-H2AX foci frequency
strongly correlates with y-H2AX integral measurements obtained via
LSC (Fig. 2i).

In conclusion, microscopy-based and cytometry-based techniques
are well-suited for assessing y-H2AX foci formation and resolution. The
selection of the most appropriate y-H2AX assay should align with spe-
cific study goals. While image cytometry and LSC offer the advantage of
quantifying and measuring the size of y-H2AX foci, these methods tend
to be slower in execution [49]. Implementing these techniques for
quantifying y-H2AX foci may also serve as early indicators of the risk for
age-related diseases.

3. DNA repair-related markers and their measurement

While the previous chapter discussed direct methods for measuring
DNA damage, this chapter focuses on detecting the repair enzymes that
are activated in response to DNA damage, especially those involved in
the initial recognition of the damage. Quantifying the activity of these
recognition enzymes provides an indirect approach to quantifying the
extent of DNA damage. Since the primary goal is to understand DNA
damage, targeting the enzymes that serve as the first responders to this
damage can offer valuable insights. This chapter outlines key enzymes in
the BER, NER, and DSB pathways, emphasizing the methods used for
their quantification. Table 2 provides an overview of the enzymes
associated with each type of DNA damage and the corresponding
methodologies employed for their quantification.

3.1. Measurement of markers involved in BER pathway

This section focuses on enzymes that recognize single-base lesions, as
described in section 2.1. These enzymes initiate the BER process by
identifying and removing the damaged bases, ensuring the genomic
integrity is preserved [64]. Fig. 3a—d shows the methods used to measure
these enzymes.

8-oxoguanine DNA glycosylase (OGG1) is a critical enzyme in the
BER pathway, which is in charge of recognizing and removing 8-OHdG,
further initiating the repair process by creating AP sites [65]. Various
strategies have been developed to quantify and assess OGG1 activity.
Visnes et al. designed a fluorescence-based assay to measure the activity
of OGG1, where a synthetic DNA duplex with 8-OHdG residue, which
was modified with a fluorophore and a quencher, was utilized as a re-
porter. As OGG1 recognizes and removes the 8-OHdG site on the re-
porter strand, the quencher detaches from the strand, triggering
fluorescence emission of the fluorophore. Higher OGG1 activity leads to
an increase in fluorescence signal. This method possesses its strength in
high sensitivity, high-throughput capability, and quantitative nature,
whereas the specificity and requirement of APE1—the enzyme that
further processes the AP site and detaches the quencher from the strand
by cleaving the strand—are the limitations [66]. Zhang et al. developed
a biosensor leveraging the CRISPR-Cas system [67]. The presence of
OGG1 facilitates the excision of a hairpin DNA probe containing 8-OHdG
lesions, initiating a quadratic strand displacement amplification (SDA)
reaction. This reaction produces activators that bind to crRNA, acti-
vating the Casl2a enzyme. The enzyme cleaves the signal probe and
ultimately releases a fluorescent dye (Cy5), which makes the fluores-
cence signal. The method demonstrates high sensitivity with a detection
limit of 4.24 x 10~° U/pL and high specificity, and still rapid where the
entire assay can be completed within 40 min. However, the use of
CRISPR Cas enzyme may increase the cost and limit scalability. Liu et al.
developed a colorimetric assay that employs a DNAzyme that mimics
HRP activity to generate a visible signal [68]. This assay also uses DNA
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oligonucleotides containing 8-OHdG lesions but paired with a G-quad-
ruplex sequence on Table 3 the complementary strand. Upon
OGG1-mediated cleavage of the DNA duplex, a recessed 5-phosphate
terminus is exposed, allowing lambda exonuclease to further digest the
duplex and release the G-quadruplex sequence. The released sequence
then forms a complex with hemin, creating the DNAzyme, which cata-
lyzes the oxidation of a substrate, 2,2-azinobis(3-ethyl-
benzothiozoline)-6-sulfonic acid, ABTS?~, generating a measurable
colorimetric change via UV-vis spectroscopy. This method offers a low
detection limit of 0.01 U/mL and does not require sophisticated tech-
niques or equipment to conduct. Conversely, the stability of the assay
performance is questionable in complex samples owing to its colori-
metric nature, and the reported dynamic range by the authors is rela-
tively narrow (0.05-32 U/mL). Fig. 3a presents a label-free method of
detecting hOGG1 activity using a nanopore-based sensor introduced by
Shang et al. In this method, hOGG1 cleaves the 8-OHdG lesion to create
a DNA fragment that will pass through the sensor based on a-hemolysin
nanopore [69]. This creates detectable current blockades, serving as the
signatures of hOGG1 activity. The method demonstrates high sensitivity,
with a detection limit as low as 6.5 x 10~> U/mL, and requires no la-
beling or signal amplification. However, the preparation of nanopore
sensors might be burdensome, limiting the throughput.

Regarding FapyG, DNA-formamidopyrimidine glycosylase (FPG)
plays an essential role in recognizing and removing the damaged lesion
[70]. For detecting and measuring FPG, most studies utilize 8-OHdG
lesions since FPG also targets 8-OHdG as FapyG and 8-OHdG are
oxidized purines. Song et al. developed a highly sensitive approach to
detect FPG activity by combining self-primed rolling circle amplification
(RCA) with magnetic nanoprobes [71]. The method begins with FPG
binding to and cleaving an 8-OHdG lesion in a custom DNA duplex,
creating 5'-phosphoryl termini. This DNA product is then ligated to form
a circular strand, serving as a template for RCA. The RCA process am-
plifies the signal by generating long DNA strands with multiple recog-
nition sites for fluorescently labeled probes. These amplified products
are subsequently captured by magnetic nanoprobes via
streptavidin-biotin interactions, leading to significant fluorescence
signal accumulation. Confocal laser scanning microscopy is then used to
measure the amplified fluorescence signal, achieving a sensitive detec-
tion of FPG activity with a detection limit as low as 1.033 U/mL. While
this method benefits from high sensitivity and specificity through signal
amplification, its multi-step protocol and potential for nonspecific
binding may pose a challenge. Li et al. introduced a method that com-
bines multi-enzyme catalysis and fluorescent copper nanoclusters
(CuNCs), yielding a low detection limit of 0.01 U/mL [72]. The authors
designed a DNA duplex in which, following FPG cleavage, nicks with
phosphate groups are created at the 3' and 5' ends. These modifications
allow selective action by two enzymes: lambda exonuclease (A Exo),
which digests DNA from the 5’ phosphate end, and exonuclease I (Exo I),
which is inhibited by the 3’ phosphate end. Such selective digestion
produces single-stranded DNA templates that serve to synthesize CuNCs,
whose fluorescence serves as the detection signal for FPG activity. This
method minimizes background signal noise, allowing it to detect FPG
activity in complex biological samples. However, it requires multiple
enzymes and involves the synthesis of fluorescent CuNCs, which can be
technically demanding and time-intensive. Qiu et al. employed
DNAzyme-assisted signal amplification combined with reduced gra-
phene oxide (rGO) quenching (Fig. 3b) [73]. The method also uses a
DNA substrate with an 8-OHdG lesion, which, upon cleavage by FPG,
activates a DNAzyme that catalyzes the cleavage of a fluorescently
labeled probe. The rGO quenches the fluorescence of the intact probe,
but cleaved restores fluorescence, generating a detectable signal. This
approach achieves high sensitivity, with a detection limit of 0.66 U/mL,
and is adaptable to various applications. However, precise conditions for
the DNAzyme and rGO are essential, potentially complicating the
experimental setup.

The third enzyme to be examined in this section is endonuclease III-
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Fig. 3. Measurements of DNA repair enzymes. (a-d) Detection of enzymes involved in BER. (a) Detected hOGG1 activity using a nanopore-based sensor, which
measures current blockades as DNA fragments pass through an a-hemolysin nanopore. Reproduced with permission from ref. [69]. (b) Measured FPG activity using a
DNAzyme-based assay with rGO quenching. Reproduced with permission from ref. [73]. (c) Detected AAG activity using a quantum dot FRET nanosensor with a
hairpin-structured detection probe. Reproduced with permission from ref. [82]. (d) Detected APE1 activity using a DNA structure-mediated fluorescent biosensor
with dual signal amplification. Reproduced with permission from ref. [85]. (e-f) Detected enzymes involved in NER. (e) Detected UV-DDB binding to DNA lesions
using EMSA, visualized via fluorescence scanner. Reproduced with permission from ref. [80]. (f) Quantified CSB protein levels in hiPSC-derived neural progenitor
cells using Western blot and normalized against HSP90. Reproduced with permission from ref. [93]. (g) Detected enzymes involved in DSB repair. MRN complex
(MRE11, RAD50, and NBS1) detected in ovarian carcinoma samples using IHC) and scored based on nuclear staining intensity. Reproduced with permission from ref.
[102]. FPG, formamidopyrimidine glycosylase; rGO, reduced graphene oxide; AAG, alkyladenine DNA glycosylase; FRET, Forster resonance energy transfer; APE1,
apyrimidinic endonuclease 1; UV-DDB, UV-damaged DNA-binding; EMSA, electrophoretic mobility shift assay; CSB, Cockayne syndrome group B; IHC,

immunohistochemistry.
<

<

Table 3
Comparative table of DNA damage detection methods.
Method Sensitivity Advantages Limitations
Comet Assay Moderate - Low cost - Labor intensive
(0.1-10 - Versatile - Semi-quantitative
lesions)
HPLC-ECD High (nM - Quantitative for - Limited to redox-
range) oxidative lesions active lesion
- Requires special
equipment
LC-MS/MS Ultra-high - Detects multiple - Expensive
(fM range) lesion types instrumentation
- Complex data
analysis
qPCR High (1 - Gene-specific - Limited to
lesions/10% damage analysis amplified region
10°bp) - Cost effective - Primer design
challenges
Immunological Moderate- - High-throughput - Antibody cross-
Assay (ex - High (pM - Lesion-specific reactivity
ELISA) range) - Limited to pre-
characterized spot
Flow Cytometry Moderate - Single-cell - Requires
(yYH2AX foci) resolution fluorescence
labeling
- Limited to DSBs
CRISPR-based Ultra-high - Single-nucleotide - Technically
detection (single- resolution complex
molecule) - Programmable for - Off-target effects
any locus possible
NGS Ultra-high - Genome-wide - High cost
lesion mapping - Computationally
- Identifies intensive
mutation spectra
Live-Cell Moderate - Real-time - Low throughput
Imaging - Dynamic repair - Requires
kinetics fluorescent probes

like protein 1 (NTHL1), which is responsible for identifying and excising
thymine glycol lesions [74]. Alekseeva et al. developed specific DNA
probes containing thymine glycol, which are tagged with a fluorescent
molecule and a quencher at both ends, forming a Forster resonance
energy transfer (FRET) system [75]. Upon cleavage of these probes by
NTHL1, the fluorescence signal increases, allowing for quantification of
the enzyme activity. The method is highly sensitive and scalable, how-
ever, detecting in complex biological samples may be limited owing to
potential interference.

Uracil-DNA glycosylase (UDG) is the enzyme that recognizes and
removes uracil from DNA, excising the base by cleaving the glycosidic
bond between uracil and the sugar-phosphate DNA backbone [76]. Lu
et al. introduced a luminescent switch-on assay for detecting UDG ac-
tivity [77]. The method utilizes a DNA duplex substrate containing a
lesion paired with a complementary strand capable of forming a
G-quadruplex structure. Upon uracil excision by UDG, the complemen-
tary strand is released to form a G-quadruplex. The structural shift is
then detected by a novel fluorescent probe, DID-VP, a newly developed
charged organic molecule that specifically binds to the G-quadruplex,
resulting in a significant fluorescence increase. The method detects UDG
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activity with high sensitivity, achieving a detection limit of 0.005 U/mL,
and demonstrates high specificity. However, DID-VP probe synthesis
and potential background fluorescence present limitations. Squillaro
et al. employed quantitative PCR (qPCR) for detecting and quantifying
UDG activity [78]. The approach involves preparing DNA substrates
containing uracil bases by amplifying a specific DNA region with PCR,
incorporating deoxyuridine triphosphate (dUTP) instead of thymidine
triphosphate (dTTP). The DNA substrates are then incubated with cell or
tissue extracts containing active UDG, resulting in enzyme cleaving to
uracil bases. This cleavage reduces PCR amplicon yield, which is sub-
sequently quantified using qQPCR. The assay provides precise quantifi-
cation without requiring radiolabeled substrates and relies on a reliable,
relatively simple technique. However, its indirect nature and de-
pendency on the PCR step present limitations.

Hypoxanthine is recognized and excised by alkyladenine DNA gly-
cosylase (AAG) [79,80]. Wang et al. presented a fluorescence-based
method for AAG activity detection using a target-mediated hyper-
branched signal amplification process [81]. When AAG excises damaged
DNA bases, the enzyme Endonuclease IV (Endo IV) creates nicked sites,
which Terminal deoxynucleotidyl transferase (TdT) extends by adding
nucleotides to the 3’ ends, resulting in the formation of hyperbranched
DNA structures. A fluorescent dye specifically binds to these branched
structures, generating a fluorescent signal that correlates with AAG ac-
tivity. This method is highly sensitive, with a detection limit of 0.090
U/mL, and is simple to apply, requiring no comprehensive steps such as
immobilization or washing. However, it relies on precise specialized
reagent preparation and accurate fluorescence measurement, which
may limit its accessibility and require high-quality instrumentation. Liu
et al. developed a fluorescence-based method for detecting AAG activity
using a quantum dot (QD) FRET nanosensor (Fig. 3c) [82]. The tech-
nique employs a single hairpin-structured detection probe containing a
deoxyinosine (I) base, which AAG specifically excises, generating an AP
site. This site is further processed by APE1, forming a 3'-OH terminus
that initiates a strand displacement reaction. This reaction generates
multiple single-stranded DNA (ssDNA) signal probes that self-assemble
on the QD surface, facilitating efficient FRET between the QD and a
Cy5 fluorophore on the ssDNA, producing a fluorescent signal. The
method offers high sensitivity, with a detection limit of 3.60 x 10710
U/pL, and is simple, using a single probe for both sensing and signal
amplification. However, it requires precise probe preparation and ac-
curate fluorescence measurement, which may necessitate specialized
equipment. Zhang et al. developed a fluorescence-based method using
BER-mediated cascading triple-signal amplification [83]. The method
begins with AAG excising deoxyinosine from a DNA substrate, creating
an AP site, which Endo IV then cleaves the DNA to initiate an SDA re-
action. The resulting SDA-generated primers bind to a circular template,
initiating primer generation rolling circle amplification (PG-RCA) and
producing numerous primers. These primers then cleave signal probes,
generating an amplified fluorescence signal. The method is highly sen-
sitive, with a detection limit of 0.026 U/mL, and simplifies the process
by eliminating complex steps such as immobilization. However, it re-
quires precise control over amplification to maintain specificity and
prevent nonspecific signal amplification.

AP sites can arise from external factors or through glycosylase action
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during BER. These lesions require further processing, starting with
recognition and cleavage by apurinic/apyrimidinic endonuclease 1
(APE1) [84]. Fig. 3d illustrates a fluorescent biosensor for detecting
APE1 activity developed by Hu et al. using a DNA structure-mediated
approach with dual signal amplification [85]. The method employs a
hairpin DNA substrate containing an AP site and a 3-NH2 group to
prevent background signal generation. Upon APE1 cleavage, the AP site
forms a 3'-OH terminus, prompting TdT to elongate a poly-adenine tail.
This tail then hybridizes with multiple poly-thymine probes containing
fluorophores and quenchers. Subsequent Endo IV cleavage releases the
fluorophores from quenchers, generating a fluorescence signal. With a
detection limit of 1.7 x 1075 U/mL, the method is highly sensitive for
APE1 detection assays. However, it requires precise substrate design and
careful amplification step control, limiting its applicability in less
controlled environments. Li et al. developed a label-free fluo-
rescence-based method for detecting APEl activity using an AP
site-binding fluorophore, 2-amino-5,6,7-trimethyl-1,8-naphthyridine
(ATMND) [86]. The method uses a DNA duplex containing an AP site
analog, where ATMND fluorescence is quenched upon binding to the AP
site. Cleavage of the AP site by APE1 releases ATMND, resulting in
fluorescence recovery. These fluorescence changes directly correlate
with APE1 activity, enabling its quantification. With a detection limit of
0.04 U/mL, the method is sensitive, advantageous owing to its
simplicity, and eliminates the need for labeled probes. However, its
effectiveness relies on precise control of experimental conditions to
ensure accurate detection.

3.2. Measurement of markers involved in NER pathway

The NER pathway is a crucial DNA repair mechanism that maintains
genomic stability by removing various DNA lesions, such as CPDs and 6-
4 PPs, as discussed in the previous section [87]. It consists of two
sub-pathways: Global Genome NER (GG-NER), which scans the entire
genome for damage, and Transcription-Coupled NER (TC-NER), which
targets repairing lesions that block transcription by stalling RNA poly-
merase II in actively expressed genes [88].

In the GG-NER pathway, the UV-damaged DNA-binding protein
complex (UV-DDB) is crucial for recognizing CPDs and 6-4 PPs. This
protein, composed of DDB1 and DDB2 proteins, has a high affinity for
UV-induced lesions [89,90]. Jang et al. used an Electrophoretic Mobility
Shift Assay (EMSA) to detect and quantify UV-DDB binding to specific
lesion-containing DNA substrates [80]. (Fig. 3e) The method utilized a
fluorescein-labeled DNA duplex with a modified base. UV-DDB binding
to these substrates was analyzed by incubating increasing UV-DDB
concentrations with labeled DNA and running the mixtures on a
native polyacrylamide gel. UV-DDB binding to the damaged DNA alters
DNA band migration, visualized using a fluorescence scanner. The de-
gree of shift indicates the binding affinity of UV-DDB for the
lesion-containing DNA. The assay confirmed strong binding UV-DDB
preference for damaged DNA over undamaged DNA, with calculated
dissociation constants (Kd) indicating high affinity. These gel mobility
shifts directly correlate with UV-DDB binding, providing a quantitative
measurement of UV-DDB activity and interaction with DNA lesions. The
EMSA method is highly sensitive, allowing precise quantification of
binding characteristics of UV-DDB to various DNA lesions, though direct
quantification remains limited. Fei et al. quantified cellular UV-DDB
levels using chromatin digestion assay followed by Western blotting to
detect the DDB2 subunit, a component of UV-DDB. After UV irradiation,
the chromatin was treated with micrococcal nuclease (MNase) to
selectively digest internucleosomal linker DNA, isolating solubilized
internucleosomal sites from insoluble core particles [91]. Quantification
revealed approximately 70 % of DDB2 in the solubilized fraction and 20
% in core particles. This method enables precise UV-DDB localization
and quantification in chromatin structures but excludes DDB1, requires
careful control of MNase digestion conditions, and relies on antibody
specificity, introducing variability in the results.
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In the TC-NER pathway, Cockayne syndrome group B (CSB) protein
is essential for recognizing stalled RNA polymerase II at pyrimidine
dimer sites and initiating the repair process [92]. Kapr et al. quantified
CSB protein levels in hiPSC-derived neural progenitor cell (hiNPC)
neurospheres using Western blot analysis (Fig. 3f) [93]. CSB was
detected with specific antibodies, and chemiluminescence was
employed to visualize the bands. The signal intensity of the CSB bands
was measured and normalized to the loading control (HSP90) for ac-
curacy. Western blot is widely used for detecting specific proteins owing
to its sensitivity and specificity; however, it has limitations related to
reproducibility, method reporting, and result accuracy [94].
Lindsey-Boltz et al. employed Quantitative Excision Repair Sequencing
(gXR-Seq) to assess DNA repair activity as an indirect quantification of
functional CSB in human cell lines [95]. This method involved spiking a
known quantity of UV-irradiated Drosophila DNA as an internal stan-
dard into human cell lysates, followed by the detection of excised DNA
oligonucleotides from NER activity. Comparing the ratio of human to
Drosophila excision products enabled the quantification of relative
excision repair efficiency across various cell lines. gXR-Seq data
revealed a significantly reduced level of repair activity in
XPC—/—/CSB—/— double knockout cells, approximately 0.3 % of
observed wild-type cell activity, underscoring the critical role of CSB in
maintaining DNA repair. While highly sensitive and quantitative, this
method relies on the accurate calibration of the internal standard and it
may be influenced by biological sample complexity.

3.3. Measurement of markers involved in DSB repair pathway

The DSB repair pathway relies on two primary mechanisms by which
cells repair DSBs— non-homologous end joining (NHEJ) and homology-
directed repair (HDR) [96,97]. Each pathway relies on specific protein
complexes to recognize and initiate repair at the DNA damage site. In the
NHEJ pathway, the Ku heterodimer (comprising Ku70 and Ku80) binds
and stabilizes broken DNA ends, recruiting additional proteins needed
for direct ligation of the ends without requiring a homologous template.
Conversely, in the HDR pathway, the MRN complex (comprising
MRE11, RAD50, and NBS1) is crucial for recognizing DSBs, processing
DNA ends to generate 3 single-stranded overhangs, and recruiting fac-
tors for repair using a sister chromatid or homologous chromosome as a
template to accurately restore the original DNA sequence [98,99].
Various methods are used to detect these proteins.

Lee et al. developed a method to analyze Ku heterodimer (Ku70/
Ku80) dissociation from DNA ends using biochemical and fluorescence-
based assays [100]. The method involves the use of in vitro pull-down
assays with biotinylated forked double-stranded DNA (dsDNA) bound
by Ku heterodimer. Phosphorylation of Ku70 by DNA-PKcs (DNA-de-
pendent protein kinase catalytic subunit) in the presence of ATP induces
a structural shift, causing it to detach from the DNA. Dissociation is then
quantified by measuring the Ku70 remaining bound to the dsDNA vs.
that released into the supernatant, using Western blot analysis. Addi-
tionally, the researchers employed fluorescence recovery after photo-
bleaching (FRAP) and live-cell imaging to observe Ku70 dynamics at
DNA damage sites, providing real-time assessment of Ku heterodimer
behavior in cells. This approach allowed the authors to correlate the
phosphorylation state of Ku70 with its DNA-binding affinity, revealing
that Ku70 phosphorylation decreases its affinity for DNA, facilitating its
release and enabling DNA end resection—a crucial step in the homolo-
gous recombination repair pathway. The method effectively elucidates
the mechanism underlying DNA repair pathway selection and is sensi-
tive to Ku70 phosphorylation status. Mukherjee et al. measured the Ku
heterodimer using a combination of Western blot analysis and kinase
assays with Western blot [101]. In the Western blot analysis, Ku70 and
Ku80 proteins were detected with specific antibodies to quantify Ku
heterodimer levels under various experimental conditions, assessing
protein amounts based on band intensity on the blot. In the kinase assays
with Western blot, Ku70 served as a substrate to examine its
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phosphorylation by various cyclin-dependent kinases (Cdks). Phos-
phorylated Ku70 was separated via SDS-PAGE and visualized with a
phosphorimager, enabling the quantification of the phosphorylated
Ku70 and providing insights into its effects on Ku heterodimer function
in DNA repair and replication. However, this method shares the limi-
tations mentioned in Section 3.2.

Brandt et al. analyzed the MRN complex in a tissue microarray
(TMA) composed of 134 ovarian carcinoma samples using immunohis-
tochemistry (IHC) [102]. In this method, specific antibodies were used
to detect the presence of MRE11, RAD50, and NBS1 proteins, the com-
ponents of the MRN complex (Fig. 3g). Nuclear staining intensity in
tissue sections was evaluated and scored from negative (0) to strong (3)
to quantify protein levels of the MRN complex. This approach enabled
the researchers to determine MRN complex deficiency prevalence in
ovarian cancer and its correlation with different clinicopathological
features and potential sensitivity to poly (ADP-ribose) polymerase
(PARP) inhibitors. IHC is advantageous for visualizing protein locali-
zation and expression levels directly within tissue samples, but it is
semi-quantitative and subject to variability in antibody specificity and
staining conditions [103]. Matsuda et al. quantified the MRN complex
components—MRE11, RAD50, and NBS1 in EPC2-hTERT cells using
liquid chromatography-tandem mass spectrometry (LC-MS/MS),
allowing precise molecular-level measurement [104]. The absolute
quantities were determined as 6.89 x 10% molecules per cell for MRE11,
2.17 x 10* for RAD50, and 2.35 x 10* for NBS1. MRN complex protein
abundance is crucial for detecting and repairing DNA DSB. LC-MS/MS
offers high sensitivity and precise protein quantification but requires
extensive sample preparation and can be limited by specific internal
standard availability [105].

3.4. Limitations arising from repair pathway characteristics

While Chapter 2 focuses on the direct measurement of DNA damage,
Chapter 3 measures proteins expressed in response to damage, leading to
certain limitations due to the nature of this approach. For instance,
while FPG is commonly used to detect FapyG lesions, many FPG
detection methods depend on 8-OHdG as a substrate, which raises
concerns regarding specificity for FapyG lesions [106]. Similarly,
deoxyinosine is typically used to identify AAG, but this approach may
not be optimal for detecting hypoxanthine lesions [107]. At present,
glycosylases are widely used as biomarkers for single-base lesion repair
owing to their dual functions in recognition and cleavage, enabling the
development of highly sensitive and accurate detection methods [108].
However, enzymes involved in NER and DSB repair pathways lack these
dual characteristics, limiting their effectiveness in precise quantifica-
tion. Therefore, overcoming the inherent limitations of these DNA repair
mechanisms is crucial for improving detection accuracy and advancing
DNA damage analysis.

4. Clinical applications of DNA damage detection

DNA damage detection technologies play a crucial role in clinical
settings by offering several significant advantages, particularly in
observing patients’ health at the genetic level. First and foremost, early
detection of DNA damage can help prevent disease progression in con-
ditions such as cancer, allowing patients to avoid expensive and painful
surgeries. Moreover, given the heterogeneous nature of human beings,
personalized medicine has become increasingly important. By analyzing
a patient’s unique genetic makeup and specific patterns of DNA damage,
healthcare providers can tailor treatment strategies to individual pa-
tients. Additionally, if these technologies are utilized for monitoring
treatment responses and assessing prognosis, clinicians can evaluate the
effectiveness of therapies and make necessary adjustments to treatment
plans. As such, DNA damage detection techniques can be critically
important in clinical settings. This chapter aims to introduce how DNA
damage detection can be applied in cancer diagnostics, personalized
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medicine, aging and age-related diseases, and monitoring treatment
efficacy (Fig. 4).

4.1. Cancer diagnostics

Early detection and effective management of cancer progression play
a critical role in enhancing treatment outcomes and improving patient
survival [109,110]. In this context, understanding and detecting DNA
lesions—as well as the repair mechanisms that safeguard genomic
integrity—is essential because disruptions in these pathways can lead to
genomic instability, a hallmark of cancer that predisposes cells to ma-
lignant transformation and rapid disease progression [111]. By
providing insights into genomic instability, DNA repair deficiencies, and
specific biomarkers associated with cancer development, these tech-
niques have opened new avenues for early cancer diagnosis and
intervention.

There are several markers for cancer detection such as YH2AX and
Ku70/Ku80. YH2AX can be utilized not only to identify genetic effects
caused by various toxic agents but also to assess the clinical efficacy of
chemotherapy and radiotherapy, as well as the changes in sensitivity of
cancer cells to anticancer drugs [112]. Furthermore, screening for the
functional variants of H2AX and targeting H2AX have been proposed as
potential cancer treatments [113]. The expression of Ku70/Ku80 has
also shown a significant increase in rectal cancer patients following
chemotherapy and radiotherapy, with further studies indicating that
this increase is associated with chemo- and radio-resistance in various
cancers [114]. However, these DNA damage response (DDR) sensors are
still in the early stages of molecular characterization, and their roles in
detecting DNA damage, signaling, cancer progression, and therapy
require further investigation [5].

Detecting deficiencies in repair pathways and assessing genomic
instability are also important strategies for early cancer diagnosis. The
detection of mismatch repair (MMR) deficiency has become crucial in
screening for colorectal, gastric, endometrial, and ovarian cancers
[111]. Defects in the DNA MMR proteins lead to a phenotype known as
microsatellite instability (MSI), which occurs in up to 15 % of sporadic
colorectal cancers [115]. Identifying tumors with deficient MMR is
essential for cancer screening, particularly for Lynch syndrome, as it not
only informs treatment decisions but also allows at-risk family members
to undergo appropriate screening and monitoring. Park et al. utilized
five microsatellites (BAT-26, BAT-25, D5S346, D2S123, and D175250)
for PCR-based MSI testing, highlighting the significance of MMR defi-
ciency detection in screening for gastric cancer [116].

4.2. Targeted therapy and treatment efficacy monitoring

As explained in previous chapter, DNA damage detection technolo-
gies, such as YH2AX and comet assays, hold significant potential for
advancing personalized medicine. These assays enable the quantifica-
tion of individual DNA damage responses, which can guide tailored
cancer therapies by predicting patient-specific radiosensitivity or che-
mosensitivity, as well as monitoring treatment efficacy and minimizing
adverse effects [117]. This understanding of tumor heterogeneity and
individual treatment responses has facilitated the identification of
adequate biomarkers. However, there remains a need to demonstrate
that the level of automation and standardization of these technologies is
sufficient for assessment in clinical studies.

Another important substance in targeted therapy development is
PARP inhibitors (PARPi) [118]. PARPi exploit synthetic lethality in
tumor cells with homologous recombination deficiencies, such as
BRCA1/2 mutations, by preventing efficient DNA repair. This leads to
the accumulation of DNA damage, ultimately triggering tumor cell death
while sparing normal cells. The success of PARP inhibitors, including
olaparib, rucaparib, and niraparib, in treating cancers such as
BRCA-mutated breast, ovarian, and prostate cancers underscores the
critical role of DNA damage detection in identifying suitable candidates
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for these therapies.
4.3. Aging and age-related diseases

DNA damage detection techniques not only address severe diseases
like cancer but also reveal the central role of genomic instability in aging
and age-related diseases. Key biomarkers of aging include yH2AX and
p16INK4a. Numerous studies have shown that yH2AX accumulates with
age, particularly in telomeric DNA and in cells undergoing cellular
senescence [49,119,120]. Additionally, elevated levels of endogenous
yH2AX have been linked to diseases associated with accelerated aging
[49]. While yYH2AX is a promising biomarker for aging, it has various
applications and should be considered alongside other markers and
factors when studying the aging process. The expression of p16INK4a is
aresult of chemotherapy-induced DNA damage. Ressler et al. found that
the number of pl16INK4a-positive cells is significantly higher in elderly
individuals compared to younger age groups, both in the epidermis and
dermis, indicating that p16INK4a expression directly correlates with
chronological aging in human skin [121]. Liu et al. discovered that in
adolescents and young adults undergoing chemotherapy, significant
increases in p16INK4a expression were associated with frailty, repre-
senting a 35-year acceleration in biological age among frail young adult
cancer survivors, particularly in peripheral T cells [122]. These findings
demonstrate that p16INK4a expression serves as a biomarker of cellular
and organismal aging across different tissues and species. Moreover, it
not only correlates with chronological age but also reflects the influence
of lifestyle factors and environmental stressors on biological aging.

DNA damage detection techniques are not only beneficial for
studying aging but also for investigating various age-related diseases,
including cancer, neurodegenerative diseases, cardiovascular disease,
and premature aging syndromes. These disorders are associated with
DNA repair deficiencies, such as mutations and microsatellite instability
—a marker of defective mismatch repair—as well as the accumulation of
DNA damage [123-125]. Therefore, effective detection technologies for
these issues can open new avenues for potential interventions aimed at
promoting healthy aging.

5. Discussion

This review comprehensively outlines DNA damage and repair
mechanisms, along with various methods for measuring associated
biomarkers. While DNA damage assessment primarily targets physical
and chemical change detection in the DNA, DNA repair measurement
focuses on detecting enzymatic activities using biosensors, fluorescence,
and immunoassays. These techniques provide valuable insights into the
response to DNA damage in the body rather than the damage itself.

DNA damage detection methods have significantly evolved over time
(Fig. 5). Initially, commonly used techniques included the comet assay,
single HPLC or MS, and Western blot. However, these methods had
limitations, including low sensitivity, specificity, and being labor-
intensive. Subsequently, combined methods like HPLC-ECD and LC-
MS/MS emerged. The incorporation of electrochemical detection on
HPLC greatly enhanced sensitivity for oxidative DNA lesions, such as 8-
0x0G, and allowed for the selective detection of a wide range of oxida-
tive stress markers in biological samples, including urine, plasma, and
DNA extracts. LC-MS/MS integrates the separation capabilities of liquid
chromatography with the high sensitivity and specificity of tandem mass
spectrometry, enabling the detection of DNA lesions at femtomolar
concentrations and the differentiation between structurally similar ad-
ducts, such as 8-0xoG and other guanine derivatives.

In addition to these improvements in sensitivity and specificity, ad-
vances such as the introduction of the qPCR have facilitated not only
qualitative but also quantitative assessments of DNA damage. Further-
more, qPCR can be performed in a high-throughput format using 96-well
or 384-well plates, enabling the simultaneous analysis of multiple
samples. This flexibility makes qPCR suitable for both small-scale
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Fig. 5. Flowchart illustrating the evolution of DNA damage detection methods
from 1st generation to 3rd generation. The progression demonstrates ad-
vancements from foundational techniques with moderate sensitivity and spec-
ificity to methods offering significant improvements in detection accuracy. The
3rd generation introduces high-resolution mapping, real-time monitoring of
repair processes, and genome-wide lesion profiling, highlighting the increasing
sophistication and versatility of DNA damage detection technologies over time.

studies, such as single-gene analyses, and large-scale applications,
including genome-wide assessments when combined with techniques
like next-generation sequencing (NGS) [126].

Achieving high sensitivity and specificity is essential, but the next
frontier lies in real-time monitoring and high-resolution mapping, which
are vital for advancing our understanding of DNA damage. Real-time
monitoring effectively captures dynamic processes, providing insights
into DNA repair pathways and drug treatment efficacy [127]. While
fluorescent protein-based sensors have advanced the visualization of
DNA damage responses in living cells, they often rely on indirect damage
markers (such as repair protein recruitment) rather than direct DNA
lesion detection [44,128]. The development of live-cell imaging
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technologies and biosensors that directly monitor DNA damage and
repair in real time could significantly enhance our understanding of
cellular responses to environmental stressors and advance DNA repair
studies. Meanwhile, high-resolution mapping allows researchers to
precisely identify the genomic locations of DNA lesions and connect this
damage to functional consequences, facilitating the exploration of how
such damage impacts gene expression, chromatin structure, and overall
cellular function [129,130].

Complementing these experimental advances, Al and machine
learning algorithms—widely employed in disease diagnosis—are
increasingly being applied to predict repair pathway choices and to
quantify DNA damage in high-throughput assays [131-133]. These
technologies are not only refining our mechanistic understanding of
DNA repair processes but also uncovering novel genetic interactions and
potential synthetic lethalities that could be exploited for targeted cancer
therapies.

The development of DNA damage detection techniques has led to
fundamental discoveries in DNA repair mechanisms. For example, early
HPLC combined with radiolabeling techniques enabled the identifica-
tion of AP sites in E. coli exposed to alkylating agents, which directly
contributed to the discovery of the BER pathway [134]. Additionally,
this approach played a key role in identifying DNA glycosylases such as
OGG1, which is critical for removing 8-0x0G, an oxidative lesion linked
to cancer and aging [135]. These early chromatographic and biochem-
ical techniques laid the groundwork for understanding the enzymatic
mechanisms of DNA repair.

In addition, the technological advancements have also profoundly
enhanced our understanding of cellular processes and disease mecha-
nisms. For instance, live-cell imaging of repair proteins, such as fluo-
rescently tagged RAD51, has further demonstrated how repair pathway
activation is dynamically regulated by cell cycle phase and chromatin
context [136]. Similarly, mass spectrometry-based quantification of
oxidative lesions has linked oxidative DNA damage to mitochondrial
dysfunction and neurodegenerative diseases, such as Alzheimer’s and
Parkinson’s disease [137]. Furthermore, PCR and the comet assay have
been instrumental in diagnosing inherited repair disorders, such as
xeroderma pigmentosum and Lynch syndrome, by confirming defects in
NER and mismatch repair, respectively [138,139]. In cancer research,
genome-wide CRISPR screens and NGS have uncovered synthetic
lethality between PARP inhibitors and BRCA1/2 mutations, leading to
the development of FDA-approved therapies for HR-deficient cancers.

Based on these advanced technologies, future research is focusing on
developing more sensitive and clinically translatable diagnostics. NGS
techniques and sensor-based platforms are being adapted for real-time,
in situ monitoring of DNA lesions. At the same time, CRISPR-based
biosensors and wearable devices are expanding the toolkit for rapid,
non-invasive detection of damage biomarkers in clinical settings.
Moreover, the integration of multi-omics approaches—including single-
cell sequencing, spatial transcriptomics, and proteogenomics—will
enable a more comprehensive profiling of repair pathway heterogeneity
across various tissues and disease states. This would be helpful for un-
derstanding variations in individual genetic profiles and treatment re-
sponses that are essential for developing effective, personalized
therapies [140]. As these emerging methods continue to mature, stan-
dardizing protocols and establishing ethical frameworks will be crucial
for their widespread adoption, ultimately bridging the gap between
bench research and precision medicine in the management of genomic
instability. Also, this approach could enhance effective disease profiling
and biomarker discovery, further advancing the fields of personalized
healthcare, particularly for aging populations and space medicine.
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