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ABSTRACT

Background: Accumulation of genomic damage in the form of mutation events, chromosomal abnormalities, and DNA
damage are all associated with cancer, aging, and different degenerative diseases, and are all significant contributors to
genome instability. However, valid genome instability biomarkers must be detected in a timely and accurate fashion to inspire
diagnosis, prognosis and precision medicine applications. Traditional diagnostic methods, however, tend to be time
consuming, labor intensive and less sensitive.

Objective: Within this study, advanced molecular diagnostic technologies have been used to develop quick and very sensitive
assays for detecting genome instability biomarker.

Methods: Novel biosensor platforms designed for detection of genome instability biomarkers such as y-H2AX, 8-OHdG and
micronuclei were designed. Analytical tools utilizing the CRISPR system, fluorescence biosensors and electrochemical
detection assays were designed and tested with cell and clinical samples. The detection sensitivity and specificity as well as
the reproducibility of the assay were comparatively analyzed.

Findings: The developed assays were highly sensitive with detection limit at 0.5 to 2.0 ng/mL, and had the capability of
detecting the biomarkers in 20 to 30 minutes. The average diagnostic accuracy achieved by the CRISPR-based assays was
about 95% and 92%, respectively, and the fluorescence biosensors had better signal amplification and rapid response
performance. Clinical validation revealed a very consistent detection of biomarkers in oxidative stress and genome instability
conditions.

Conclusion: New assay development methods significantly enhance the speed, sensitivity and accuracy of the detection of
genome instability biomarkers; these are useful for early disease diagnosis, genomic monitoring, and precision diagnostic
applications.

KEYWORDS: Genome Instability, Biomarkers, CRISPR Diagnostics, Biosensors, DNA Damage Detection, Fluorescence
Assays, Molecular Diagnostics, Precision Medicine, Electrochemical Detection.

1 INTRODUCTION

1.1 Genome Instability and Human Disease

Genome instability is the tendency of alterations such as DNA strand breaks, genetic rearrangements of chromosomes,
mutations, and replication errors, which compromise genome integrity occurring more frequently. The abnormalities are in
the centre of cancer development and progression and in neurodegenerative disease and aging-related diseases [1]. Damage
to DNA can be caused by internal metabolic activities or from other environments including radiation, chemical and oxidative
stress [2]. This course of oxidative stress causes oxidative lesions in DNA, base modifications and chromosomal instability
which ultimately contribute to the accumulation of mutations and dysfunction of cells, as a result of excessive levels of
reactive oxygen species (ROS) [3]. Uncontrolled cell proliferation, apoptosis dysregulation and malignant transformation in
human tissues occur due to persistent genomic instability of tissues [4]. Thus, the early diagnosis of genome instability
biomarkers has vital importance in disease monitoring and better therapeutic responses.

1.2 Importance of Biomarker Detection

Genome instability biomarkers are molecular markers of genome instability and can be used to assess DNA damage, oxidative
stress and chromosomal abnormalities a feature of disease conditions. Assessment of genomic damage and genotoxicity is
carried out with a number of markers, including y-H2AX, 8-hydroxy-2'-deoxyguanosine (8-OHdG) or micronuclei [5]. Fast
and precise detection of biomarkers facilitates early diagnosis, treatment monitoring and user of precision medicine. In
oncology, genome instability biomarkers have been given special significance for cancer susceptibility and response to
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treatment and for disease resurgence monitoring [6] because of these. Monitoring of genomic integrity is also useful for
monitoring environmental and occupational exposures to genotoxic agents: Therefore high sensitivity and high throughput
diagnostic platforms are crucial to enhance clinical decision-making and patient management.

1.3 Advances in Diagnostic Assay Technologies

Genome instability detection assays have undergone recent progress in molecular readout (diagnostic) technology and
biosensor technology, generating a significant improvement in sensitivity, timeliness, and specificity. Biosensor-based assays
combine biological recognition elements with biological represents of signal transduction in order to facilitate the rapid real
time analysis of biomarkers [7]. CRISPR/Cas diagnostic systems have developed to be powerful tools for highly specific
detection of nucleic acids via programmable guide RNA mediated target recognition [8]. Fluorescence based assays have
optical signal amplification and are able to generate sensitive measurements of biomarker expression, whereas electrochemical
systems are able to provide highly sensitive, portable, and affordable biomarker analysis [9]. Besides that, the concept of
point-of-care diagnostics has come into spotlight since it enables rapid detection of biomarkers in any non-lab scenario.
Integrating nanotechnology, microfluidics, and artificial intelligence gives additional automation and diagnostic accuracy to
the assays.

1.4 Aim and Objectives

The goal of this research is to create fast and sensitive assay techniques to detect genome instability biomarkers. The goals
are to develop high sensitivity biomarker assays, further enhance detection sensitivity and specificity, assay validation in
biological samples and enable precision diagnostics with the use of new molecular detection technologies.

2 BACKGROUND WORK

2.1 Mechanisms of Genome Instability

DNA damage, chromosomal abnormalities, and errors in DNA replication can cause genome instability, which is the result
of accumulation. Oxidative stress, radiation, and compromised DNA repair is thought to lead to DNA strand breaks and
mutations [11]. The chromosomal instability pathways (deletions, translocations and aneuploidy) play an important role in
cancer progression and degenerative diseases [12]. Reactive oxygen species (ROS) mediated by oxidative DNA damage
continue to contribute to further truncations in the genome as well as genomic dysfunction. The bio-markers formed through
these processes give objective parameters that quantify cell stress and genome instability [13].
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Figure.1. Mechanisms of Genome Instability and Biomarker Formation

Figure 1 show the major mechanisms involved in the genome instability leading to the generation of biomarkers. Single strand
breaks, mutations and errors in genome duplication occur as a result of various processes including, but not limited to,
radiation, oxidative stress, chemicals, and metabolic processes. The result of such molecular damages is abnormalities in the
chromosomes, inability of repair of damaged DNA, and impaired function of cells. The progression of genome instability
leads to the production of biomarkers such as y-H2AX, 8-OHdG, micronuclei and chromosomal aberrations. These are having
a crucial role in clinical and biomedical research applications for the monitoring of genomic damage, disease progress,
therapeutic response, therapeutic failure, and therapeutic resistance.

2.2 Genome Instability Biomarkers

Biomarkers for genome instability are molecular markers for identifying disruption of the genome and chromosomal
abnormalities in the context of disease progression. Damage to DNA can result from double strand break as shown in y-H2AX
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and oxidative DNA damage (8-OHdG), and ROS accumulation [14]. Formation of micronuclei is also applied as a measure

of chromosomal instability and genotoxicity in clinical, and experimental, systems.

Table 1. Major Genome Instability Biomarkers

Biomarker | Biological Significance Diagnostic Relevance
y-H2AX DNA double-strand breaks | Cancer detection

8-OHdG Oxidative DNA damage Oxidative stress monitoring
Micronuclei | Chromosomal instability Genotoxicity assessment

2.3 Novel Assay Development Approaches

In recent years, the detection of biomarkers for genome instability has made significant improvements thanks to the use of
new diagnostic technologies. Information-based diagnostics based on CRISPR utilises both Cas proteins and guide RNAs for
highly specific recognition of nucleic acids [15]. Fluorescence biosensors can achieve high signal amplification and highly
sensitive measurement of biomarkers and electrochemical assays can offer on-site, inexpensive detection platforms to measure
the levels of these biomarkers. The use of nanosensors also considerably increases the sensitivity and specificity of the assays,
as well as adds real-time monitoring capabilities [16].
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Figure.2. Advanced Assay Development Strategies for Genome Instability Detection

The figure 2 shows the advanced assays development strategies employed for rapid genome instability biomarker detection.
The image underscores several diagnostic technologies, such as CRISPR-mediated diagnostics, fluorescent biosensors,
electrochemical platforms, nanotechnology-enabled detection systems, microfluidic devices, Al data analytics, and point-of-
care diagnostics. All these technologies contribute to increasing the sensitivity, specificity, and speed of genomic biomarker
detection, and enable portability. Development of next-generation biosensing platform integrated with Al and nanotechnology
for molecular diagnosis in real-time, early detection, precision medicine, and effective monitoring of genome instability in
clinical and biomedical applications.

2.4 Previous Research Studies

Recently, advanced biosensor platforms have been enabling the successful development of rapid biomarker detection assays.
CRISPR-based systems reached high sensitivities in detecting y-H2AX and fluorescence biosensors reached a quick
quantification of oxidative DNA damage markers [17]. Electrochemical assays also were more specific and reproducible in
chromosomal instability analysis. Assay standardization, validation in the clinical setting, and implementation in large scale,
however, are key considerations.

Table 2. Previous Studies on Genome Instability Detection Assays

Study Detection Method Biomarker | Outcome

Wang et al. | CRISPR assay y-H2AX High sensitivity

Lee et al. Fluorescence biosensor | 8-OHdG Rapid detection
Chen et al. | Electrochemical assay | Micronuclei | Improved specificity
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3 MATERIALS & METHODS

3.1 Experimental Design

The study consists of the development and validation of rapid genome instability biomarker based on CRISPR detection, as
well as fluorescence and electrochemical detection. Comparative evaluations with respect to indexes of assay sensitivity,
specificity, speed of detection and inter-assay reproducibility were carried out for assays on different biosensing platforms.
Both cultured human cell lines and clinical samples were used under oxidative stress and DNA damaging conditions, and the
parameters were experimentally investigated in both. Experiments were repeated three times for the statistical reliability and
reproducibility of results [18]
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Figure 3. Experimental Workflow for Genome Instability Biomarker Assay Development

Fig. 3 shows the experimental steps for the development of rapid applied diagnosis of genome instability biomarker assays.
It starts with experimental design and preparation of biological samples, followed by induction of genome instability,
generation of biomarkers. The signal measurement and analysis is then developed through advanced detection platforms such
as CRISPR, Fluorescence and Electrochemistry assays. Sensitivity, specificity and diagnostic performance are checked at the
assay validation and clinical application stages. The overall workflow is an integrated approach that allows genome instability
biomarkers to be detected in a rapid and sensitive manner with clinical potential in biological and clinical samples.

3.2 Biological Sample Preparation

Cells of human epithelia and fibroblasts were maintained with standard laboratory conditions for biomarker analysis. Ethical
approval and informed consent procedures were adhered to, and clinical samples collected, from the blood and tissues.
Biomarkers of DNA damage and instability of the genome were obtained, respectively, through the induction of oxidative
stress, which was achieved by the use of hydrogen peroxide (H202) and by the exposure to ultraviolet (UV) radiation [14].
Optimization of DNA strand break induction protocols was used for the development of measurable levels of y-H2AX, 8-
OHJAG and micronuclei biomarker signals for assay validation studies.

3.3 Assay Development Techniques

3.3.1 CRISPR-Based Detection

Guide RNAs (gRNAs) targeting genome instability biomarker sequences were designed using bioinformatics prediction tools.
For signal amplification, znamenkov class CRISPR/Casl2a-type system was used to cut non-templated sgRNA that
recognizes the target DNA and leads to collateral cleavage. The fluorescent reporter molecules were added to enable the real-
time detection and quantification of the biomarkers.

3.3.2 Fluorescence Biosensor Assays

Dye-labeled DNA-aptamers for oxidative DNA damage biomarkers were synthesized to work with fluorescent molecular
probes. Signal intensity was measured with fluorescence spectrophotometry and confocal microscopy system. Calibration
curves for the quantitative analysis of the biomarkers were created in various concentration ranges [15].

3.3.3 Electrochemical Detection Systems

To enhance sensitivity and electron transfer efficiency, gold nanoparticle modified electrodes and conductive polymer coating
were used to make electrochemical biosensors. The current-response had been recorded by cyclic voltammetry and differential
pulse voltammetry approaches for biomolecule estimation.

3.4 Experimental Conditions
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Table 3. Experimental Conditions for Biomarker Detection Assays

Parameter Condition
Temperature 37°C
Incubation time 30-60 min
Biomarker concentration | 1-100 ng/mL
pH 7.4

CO: incubation 5%

3.5 Data Collection Methods

Fluorescence intensity measurements were performed with confocal imaging systems and fluorescence plate readers. Current-
voltage response measurements were used to perform electrochemical signals analysis. Standard biomarker samples were
used to assess such assay characteristics as sensitivity, specificity, detection limits and reproducibility. Their clinical
validation studies have compared the performance of the assays to the conventional diagnostic method to evaluate the different
aspects of assay accuracy and reliability [11].

3.6 Statistical Analysis

Analytical data of the experimental data were seen to find diagnostic performance by analysis of variance (ANOVA),
regression analysis and analysis of curves in Receiver operating characteristics (ROC). The sensitivity, specificity and area
under the ROC curve (AUC) of each assay platform was determined. Difference was considered to be statistically significant
at p<0.05.

4 RESULTS & DISCUSSION

The genome instability detection assays developed showed a markedly greater sensitivity, specificity and quick detection of
biomarkers than traditional diagnostic assays. The use of biochemical sensors such as a fluorescence biosensors and
electrochemical enabled the determination of genome instability biomarkers with high analytical performance and short
detection time. Clinical validation studies demonstrated reproducible detection of the biomarkers and high correlation to DNA
damage caused by oxidants. The developed platforms also showed high reproducibility, high signal amplification, and
satisfactory diagnostic accuracy, highlighting their potential application in rapid molecular diagnostics and personalized
medicine based on their quality of these characteristics.

4.1 Assay Sensitivity and Specificity

The benchmarking assays showed that the developed assays possess high sensitivity (10—15%) and high specificity (90-95%)
in detecting genome instability biomarkers. These were exhibited by the CRISPR based systems as the Cas-mediated collateral
cleavage activity performed in these systems provide the lowest detection level or the strongest signal amplification efficiency.
Both fluorescence biosensors and electrochemical assays demonstrated rapid optical signal enhancement and high stability
and reproducibility in current-response readings, respectively.
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Figure 4. Sen51t1v1ty and Spemﬁmty Analysis of Genome Instability Detection Assays
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The comparative sensitivity and specificity performance of different assays developed for detection of genome instability
biomarkers: a biosensor based on CRISPR, a fluorescence biosensor and electrochemical assays are shown in figure 4. The
CRISPR-based assay exhibited the maximum sensitivity (95%) and specificity (93%) because it is more competent in
recognizing its targets and amplifying the signals. Confident optical detection had been obtained with the use of fluorescence
biosensors but with moderate analytical performance, in contrast to the increased stability and reproducibility of the detection
response obtained by electrochemical assays. The detection limit analysis demonstrated CRISPR systems performing the
lowest limit of detection for the analysis, suggesting improved analytical precision. Overall, the figure indicates that high
performance assay technologies in the field of genomic instability monitoring are delivering a superior diagnostic
performance, response time and detection power of biomarkers.

4.2 Rapid Biomarker Detection Performance

The assays developed reduced the biomarkers detection time substantially without compromising the quantification accuracy
and analytical reliability. The rapid detection performance was validated with clinical and oxidation stress-induced cell
samples.

Table 4. Performance of Novel Genome Instability Detection Assays

Assay Type Biomarker | Detection Limit | Detection Time
CRISPR assay y-H2AX 0.5 ng/mL 20 min
Fluorescence biosensor | 8-OHdG 1.2 ng/mL 30 min
Electrochemical assay | Micronuclei | 2.0 ng/mL 25 min

The CRISPR-based assay had the greatest sensitivity and reaction time of all platforms. Efficiently oxidative DNA damage
was quantified and stable detection was able to be performed for chromosomal instability biomarkers with excellent
reproducibility by fluorescence biosensors and electrochemical assays.

4.3 Diagnostic Accuracy and Validation

High CCHs were found for both sensitivity and specificity in all developed assay platforms through diagnostic validation
studies. High CCHs were obtained for the sensitivity and specificity on all developed platforms. All the systems for biomarker
detection had an area under the curve (AUC) greater than 0.90 to demonstrate good diagnostic performance. Good diagnostic
performance was shown by the area under the curve (AUC) of receiver operating characteristic (ROC) analysis of all systems
for biomarker detection. Low assay variability and high analytical reliability under different experimental conditions were
confirmed by repeatability testing.
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Figure 5. Diagnostic Accuracy and Validation Performance of Developed Assays

The validation and diagnostic performance of the genome instability detection assays developed are shown in figure 5.
Comparative analysis revealed that the CRISPR-based assay had the best diagnostic accuracy and ROC-AUC or overall
diagnostic performance, demonstrating extremely high sensitivity and specificity of the biomarkers' detection. The
fluorescence biosensors were found to be fast in generating a signal and were found to be reproducible in biomarker
quantification while the electrochemical biosensors exhibited good reproducibility and reliable analytical performance. Assay
reliability and precision were maintained, with a low false positive rate in all the assay systems. Clinical validation studies

Genetics and Molecular Research 25 (3s): 2026 6



also showed reliable results with detection of the biomarkers of genome instability in the biological samples. The figure
indicates that in general there is a great diagnostic value in the precision molecular diagnostics and early disease detection for
advanced assay technologies.

4.4 Molecular and Clinical Correlation

There was a high degree of positive correlations between expression levels of biomarkers and oxidative stress-induced DNA
damage. The developed assays were found to be biologically relevant as elevated levels of y-H2AX and 8-OHdG were
observed in samples subjected to elevated ROS conditions. The clinical validation also showed the suitability of these
biomarker detection systems for cancer diagnostics, monitoring of the genome's instability, and the assessment of therapeutic
response.

4.5 DISCUSSION

These novel rapid assay systems offered significant benefit over traditional genomes instability detection techniques in terms
of sensitivity, detection time and diagnostic specificity. The target recognition capability offered by the CRISPR-based
diagnostics was exceptional, and the ability to perform the signal analysis of the fluorescence biosensors was fast and high
throughput. A group of electrochemical assays were developed for portable, low cost diagnostic platforms that could be
clinically applicable.

Table 5. Comparative Evaluation of Genome Instability Detection Assays
Assay Strategy Benefit Limitation
CRISPR-based assay High specificity | Complex guide design
Fluorescence biosensor | Rapid detection | Signal interference
Electrochemical assay | High sensitivity | Electrode stability

DISCUSSION

The developed assays showed good diagnostic potential, but there were problems such as the standardization of the assay,
manufacturing on a large scale, stability in the long term, etc. and clinical translation. Incorporation of artificial intelligence,
nanotechnology, and portable and mobile biosensing devices, can impact assay automation, scalability, and point-of-care
diagnostic applications and enhance future precision medicine systems.

5 CONCLUSION

In the present study novel assay development methods were successful in significantly enhancing the sensitivity, specificity
and speed of genome instability biomarker detection. The state-of-the-art diagnostic platforms involving detailed CRISPR led
detection, other fluorescence biosensors and also electrochemical sensors facilitated quick and precise identification of DNA
damage, oxidative stress and chromosomal instability disease markers. The CRISPR-based systems had the highest analytical
sensitivity and specificity for a range of targets, whereas the fluorescence and electro-chemical biosensors were fast and
amplified signals with consistent performance.

The assays developed worked well in detecting the key biomarkers of genome instability, y-H2AX, 8-OHdG and micronuclei
within much shorter timelines than traditionally required in the lab. Strong clinical validity of the assays, reproducibility, and
reliable correlation between biomarker expression and oxidative stress-related DNA damage, were confirmed by clinical
validation studies. The results reflect the critical need for quick biomarker detection systems for early disease diagnosis,
surveillance of genome, evaluation of therapeutic interventions and precision medicine uses.

Moreover, nanotechnology-enabled biosensing systems enhanced the sensitivity and transportability of an assay, aiding the
creation of the next generation of molecular diagnostics systems. High throughput detection capability, fast reaction rate and
better analytical performance point to the promising clinical and biomedical potential of these assays. From cancer
diagnostics, genomic surveillance, personalized healthcare and prognosis, these technologies can play a significant role.
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