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Abstract
Background

Cell-free DNA (cfDNA) has emerged as a promising biomarker for cancer detection and monitoring.
However, different quantification and integrity assessment methods may yield variable results. This
study aimed to compare cfDNA concentration and integrity between breast cancer (BC) patients and
healthy controls using three complementary analytical techniques and to evaluate the concordance
between these approaches.

Methods

Plasma cfDNA from BC patients and healthy controls was quantified using Qubit fluorometry,
electrophoretic profiling by TapeStation (TS), and ALU-based quantitative PCR (qPCR) assays. cfDNA
integrity was assessed using two indices: TS-derived DNA Integrity Index (DII) and ALU-gPCR-derived DlII
(ALU 247/115 ratio). Spearman correlation analyses were performed to compare results across
methods.

Results

cfDNA concentration was significantly elevated in BC patients compared with controls across all three
platforms, even after genomic DNA (gDNA) correction. Qubit, TS, and gDNA-corrected cfDNA
concentrations showed strong correlations in both groups, indicating robust cross-method agreement. In
contrast, cfDNA integrity showed method-dependent differences: ALU-qPCR-derived DIl was
significantly higher in tumor samples, whereas TS-derived DIl did not differ between groups. Moreover,
TS DIl and ALU-gPCR DIl were not correlated, suggesting that the two methods capture distinct aspects
of cfDNA fragmentation.

Conclusions

cfDNA quantification is consistent across fluorometric, electrophoretic, and gPCR-based methods.
However, cfDNA integrity assessments vary substantially by technique. ALU-qPCR appears more
sensitive in distinguishing BC- associated fragmentation patterns. Combining cfDNA quantification with
ALU-gPCR-based integrity analysis may enhance the diagnostic utility of cfDNA in BC.

Background

Cell-free DNA (cfDNA) refers to short DNA fragments released into the bloodstream through apoptosis,
necrosis, or active cellular secretion. In patients with malignancy, a fraction of this circulating DNA
originates from tumor cells (circulating tumor DNA, ctDNA), reflecting tumor dynamics, burden, and
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genomic alterations’ 3. ctDNA is identified within cfDNA by tumor-specific mutations, copy-number
variations, gene rearrangements, and methylation signatures®. Its ability to detect cfDNA through a

simple blood draw has made it a central analyte in liquid biopsy based cancer diagnostics®. In breast
cancer (BC), elevated cfDNA levels and altered fragmentation profiles have been associated with
advanced stage, poor prognosis, and minimal residual disease®~8, highlighting cfDNA as a potential non-
invasive biomarker both for early detection and disease monitoring.

Both the quantitative and qualitative characteristics of cfDNA are informative. The total cfDNA

9,10

concentration reflects global DNA release and tumor cell turnover”'”, whereas the cfDNA integrity index

(DI1), defined as the ratio of long to short DNA fragments, captures the underlying mode of cell death®”’.
High DIl values are often linked to necrosis-driven DNA release from malignant cells, while low DIl values
are characteristic of the apoptotic fragmentation seen in healthy individuals”'"'2. Reliable measurement
of cfDNA concentration and integrity is therefore essential for distinguishing tumor-derived cfDNA from

background DNA of hematopoietic origin.

However, cfDNA analysis is complicated by methodological diversity. Fluorometric assays such as Qubit
quantify total double-stranded DNA rapidly but cannot discriminate cfDNA from contaminating gDNA.
Electrophoretic instruments like the Agilent TS visualize cfDNA fragment size distribution, identifying
mono- and di/tri-nucleosomal fragments, yet they may fail to detect highly degraded cfDNA'314. In
contrast, qPCR assays targeting repetitive elements such as ALU sequences enable sequence-specific
quantification and DIl calculation (e.g., ALU 247/ ALU 115), offering higher analytical sensitivity'°.
Reported discrepancies among these approaches raise concerns about assay comparability and
interpretation of cfDNA-based biomarkers.

Only a limited number of studies have directly compared cfDNA quantification and integrity across
multiple analytical platforms, and virtually none have done so in a large, treatment-naive Indian BC
cohort. To address this gap, we performed a systematic comparison of cfDNA concentration and
integrity in plasma from BC patients and healthy controls using three complementary techniques, Qubit
fluorometry, TS electrophoretic profiling, and ALU-based gPCR. We further incorporated gDNA-correction
of fluorometric data and assessed inter-method concordance. This work aims to identify the most
reliable and sensitive approach for cfDNA assessment and to provide practical guidance for assay
standardization in BC liquid-biopsy research.

Materials and Methods
Patients and Control Samples

Peripheral blood samples were obtained from primary BC patients (n = 100) recruited prior to initiation of
any treatment after voluntary consent from participants. Age- and gender-matched healthy individuals (n
=70) were included as normal controls. Study was approved by institutional ethics board. Peripheral
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blood samples were collected in EDTA tubes and processed within 2 hours of collection. Plasma was
separated by centrifugation at 1300 x g for 10 min at 4°C and carefully aliquoted to avoid cellular
contamination. Plasma aliquots were stored at - 80°C in the institute biorepository for prolonged periods
until cfDNA extraction. Repeated freeze-thaw cycles were strictly avoided, as they are known to reduce
cfDNA yield and promote fragmentation and degradation, as reported in previous studies. No consistent
variation in cfDNA concentration attributable to storage duration was observed across samples. The
study was conducted between February 2024 and November 2025.

cfDNA Extraction

cfDNA from BC patients and control samples was extracted from 500 pL of plasma using the BioChain
Cfpure Cell Free DNA Extraction Kit (# K5011610) according to the manufacturer’s instructions. The
extracted cfDNA was quantified using the Qubit High Sensitivity (HS) DNA Assay Kit (# Q32851) and
stored at - 20°C.

cfDNA Fragmentation Profiling and DIl Calculation

The fragmentation profile of cfDNA was analyzed using the TS4150 system (Agilent Technologies, Santa
Clara, CA, USA). For each run, 2 pL of extracted cfDNA was mixed with 2 pL of HS D1000 sample buffer
(# 5067-5603) in an 8-tube strip. Additionally, 2 pL of the HS D1000 ladder (# 5067-5587) prepared with
the sample buffer was loaded into well A1 of the tube strip holder.

Data were processed and analyzed using the TS Analysis Software version 5.1 (Agilent Technologies,
Santa Clara, CA, USA). Mononucleosomal fragments (short fragments) were defined as cfDNA
fragments ranging from 100 to 300 bp, while di- and tri-nucleosomal cfDNA fragments (long fragments)
were defined as fragments between 301 and 1000 bp.

The cfDNA Integrity Index (DIl) was calculated using the following formula:

Dll=Area under the curve (AUC) of long fragments (301-1000 bp)/AUC of short fragments (100—300 bp)

gDNA correction of the cfDNA total concentration

To obtain a more accurate estimate of cfDNA levels, we corrected the Qubit derived total cfDNA
concentration for gDNA contamination. Since the TS electrophoresis profiles provide fragment-size
information, we used TS data to estimate the proportion of gDNA contamination in each sample. In the
TS electropherogram, the gDNA contribution was quantified as the percentage area corresponding to
high-molecular-weight fragments (> 1 Kb), which represents cellular gDNA. This gDNA percentage was

then used to adjust the total cfDNA concentration measured by Qubit '® using the formula:

Corrected cfDNA concentration = Qubit total DNA x (1 — gDNA%)
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This correction allowed us to account for variability introduced by sample handling, leukocyte lysis, and
differential gDNA release across samples. The corrected cfDNA values are likely to reflect cfDNA
population more accurately, ensuring comparability between tumor and control samples.

Estimation of ctDNA concentration and DIl by qPCR

The fraction of ctDNA within the total cfDNA was analyzed using ALU-based qPCR assays according to

previous method'®. Briefly, Two ALU repetitive elements, ALUT15 (115 bp amplicon) and ALU247 (247 bp
amplicon), were quantified using following primer sequences. ALU115 amplified both short and long
DNA fragments and measured the total cfDNA content in plasma, whereas ALU247 targeted longer DNA
fragments, predominantly released through necrotic processes, and was considered indicative of ctDNA.
The primer pair used is as below:

ALU 115 Forward: 5-CCTGAGGTCAGGAGTTCGAG-3’
Reverse: 5-CCCGAGTAGCTGGGATTACA-3’

ALU 247 Forward: 5-GTGGCTCACGCCTGTAATC-3'
Reverse: 5-CAGGCTGGAGTGCAGTGG-3’

For amplification, 1 yL of template DNA was added to a 10 pL reaction volume containing 3 pM primers.
Quantification was performed using SYBR Green master mix (Takara) on the LightCycler 480 Il platform

(Roche Diagnostics) using the conditions standardized previously'®.

The DNA copy number and the DII, measured by the ratio of ALU247 to ALU115 (ALU247/ALU115), were
calculated as described previously'>.

Statistical Analysis

Statistical analyses were performed using R (version 4.5.1) software. Differences in cfDNA
concentration and DIl between control and tumor groups were assessed using the Mann-Whitney U test.
Correlations of cfDNA concentration across different quantification methods, and the correlation of DIl
obtained by ALU-based gPCR and TS, were evaluated using Spearman’s rank correlation test. p value <
0.05 was considered statistically significant.

Results

cfDNA concentration is elevated in BC patients compared
to normal controls
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The total cfDNA concentration was estimated using three complementary approaches: Qubit
fluorometry, TS electrophoretic profiling, and ALU-based qPCR assays. cfDNA concentrations measured
by both Qubit (mean concentration: 0.459 ng/pL in patients and 0.252 ng/pL in controls) and TS (mean
concentration: 0.156 ng/pL in patients and 0.090 ng/pL in controls) showed a significant increase in BC
patients compared with healthy individuals (p < 0.0001 and p = 0.0048, respectively; Fig. 1a—b,
Supplementary Table 2).

We further evaluated cfDNA concentrations across clinically relevant subgroups, including patients aged
> 50 years versus < 50 years, early-stage versus late-stage disease, and molecular subtypes (detailed
patient data and clinical characteristics are provided in Supplementary Table 1). Among molecular
subtypes, cfDNA yield was highest in HER2-positive tumors (mean concentration: 0.516 ng/pL), followed
by hormone receptor—positive tumors (HR+) (0.480 ng/pL) and triple-negative breast cancer (TNBC)
(0.298 ng/uL) (Supplementary Fig. 1a). A trend toward higher cfDNA levels was observed in patients
aged > 50 years (p = 0.059; Supplementary Fig. 1b). Late-stage disease also showed a trend toward
higher cfDNA levels compared with early-stage disease (p = 0.093; Supplementary Fig. 1c).

The fraction of ctDNA within the total cfDNA was further evaluated using ALU-based qPCR. The DII
assessed using the ALU247/115 ratio, was significantly higher in patients relative to controls (p = 0.0002;
Fig. 1c). A higher DI, along with elevated cfDNA concentrations measured by Qubit and TS, is indicative
of an increased ctDNA burden in BC patients.

Together, these findings highlight the utility of multi-platform cfDNA assessment in distinguishing tumor-
derived cfDNA signatures from those of healthy controls.

TS profiles showed visible gDNA contamination in both
groups

We next evaluated cfDNA fragment distributions in the BC and control groups using TS electrophoretic
profiling. The fragment analysis revealed detectable gDNA contamination in both tumor and control
samples (Fig. 2a-f). To assess the extent to which gDNA contamination contributed to the measured
cfDNA concentrations and the DIl values derived from ALU qPCR, we performed gDNA correction on the
Qubit-estimated concentrations. After subtracting the gDNA fraction determined from the TS profiles, the
corrected cfDNA concentrations remained significantly higher in patients (mean concentration: 0.219
ng/pL in patients and 0.153 ng/pL in controls, p < 0.0001, Fig. 2g), indicating that the elevated cfDNA
levels in patients were not attributable to gDNA contamination. We further examined the concordance
between the different cfDNA quantification approaches. Pairwise correlation analysis demonstrated a
strong positive association between cfDNA concentrations measured by Qubit and TS, even after gDNA
correction, in both patients and controls (Table 1), indicating robust inter-method concordance in cfDNA
quantification across independent analytical platforms. These findings validate the reliability of both
fluorometric and electrophoretic quantification for assessing cfDNA burden in plasma samples.
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Table 1
Correlation between cfDNA estimation methods in BC patients and control groups by different platforms

Comparison Spearman'’s rg p-value Spearman’s rg p-value
(Tumor) (Control)
Qubitvs TS 0.609 < 0.323 0.007
0.0001

Qubit vs gDNA-corrected 0.682 < 0.834 <
cfDNA 0.0001 0.0001
TS vs gDNA-corrected 0.534 < 0.549 <
cfDNA 0.0001 0.0001

Measurement of cfDNA integrity is method dependent

The fraction of ctDNA within the total cfDNA was evaluated by ALU-based RT-PCR (Fig. 1c) and by TS
fragmentation profile. ALU115 captured the total pool of circulating DNA by amplifying both short and
long fragments, whereas ALU247 predominantly detected long DNA fragments, which are generally
associated with necrosis and enriched in ctDNA. ALU247 levels were significantly higher in BC patients
compared to control samples, as shown in Fig. 3a (p < 0.0001). In contrast, cfDNA fragmentation profiles
derived from TS electropherograms calculated as the ratio of di- and tri-nucleosomal (larger fragments)
to mono-nucleosomal DNA (smaller fragment) (DIl by L/S), did not differ significantly between tumor and
control samples (Fig. 3b, p = 0.180). Similarly, concentrations of mono- and di/tri-nucleosomal cfDNA
were comparable between groups (Table 2), indicating that both approaches capture distinct biological
and technical aspects of cfDNA. TS-based integrity indices are derived from electrophoretic size
distribution and primarily reflect nucleosomal fragmentation patterns, which may be less sensitive to
minor tumor-specific shifts, especially when tumor burden is low or masked by hematopoietic cfDNA.
Correlation analysis between ALU-based DIl and TS-derived DIl further revealed no significant
association (Fig. 3c, rg =-0.075, p = 0.540 for controls; ry =-0.170, p = 0.091 for tumor samples). ALU247
amplifies sequence-specific fragments that may span sizes overlapping with TS-defined short
fragments, whereas TS-based DIl is derived purely from electrophoretic size distribution. Hence the
correlation reflects fundamental methodological and biological differences, rather than a contradiction
between the two approaches emphasizing that PCR-based DIl is more sensitive and accurate for
detecting subtle changes in cfDNA fragment composition and ctDNA enrichment.
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Table 2

Comparison of nucleosomal cfDNA features between patients and controls measured by
tapestation (TS).

Parameter Tumor (mean) Control (mean) p-value

Mono-nucleosomal concentration (ng/pl) 0.125+0.168  0.093 £0.045 0.212
Di-/tri-nucleosomal concentration (ng/pl)  0.048 +0.092 0.034 £0.026 0.067

Mono-nucleosomal fragment size (bp) 195.160 202.580 -
Di-/tri-nucleosomal fragment size (bp) 562.820 545.565 -
Discussion

In this study, we systematically compared cfDNA quantification and integrity in BC patients and healthy
controls using three complementary approaches: Qubit fluorometry, TS electrophoretic profiling, and
ALU-based-qPCR. The total cfDNA concentration was consistently higher in BC patients compared to
healthy controls by all three methods, remained significant even after correcting for gDNA
contamination. This observation is consistent with previous reports linking elevated cfDNA levels to
increased tumor cell turnover, apoptosis, and necrosis in cancer patients'’'7~1°. The pair-wise
correlation analysis revealed that the cfDNA concentration measured by three quantification methods
were strongly correlated, highlighting the robustness of concentration measurements across analytical
platforms. However, when assessing Dll, we observed a clear divergence between methods. The DIl
derived from ALU-based-gPCR was significantly higher in BC patients compared to controls, whereas TS-
derived integrity indices did not differ between groups. Moreover, ALU-based DIl and TS-DII did not
correlate, highlighting the differences in capturing distinct biological and technical features of cfDNA by
these two methods. ALU-based-gPCR relies on amplification of repetitive elements of different lengths,
with the short fragment (ALU115) reflecting apoptotic cfDNA and the long fragment (ALU247) capturing
necrosis-related or gDNA-derived fragments’2°=22. Thus, an increased ALU247/115 ratio in tumor
patients likely reflects the contribution of necrotic tumor cell death, a hallmark of advanced tumor stage.
TS integrity indices are derived from electrophoretic size distribution of cfDNA, focusing primarily on the
relative abundance of mono- and di-nucleosomal fragments. This method may be less sensitive to subtle
differences in cfDNA fragment origin, particularly if the tumor burden is modest or if the background of
hematopoietic cfDNA masks tumor-specific alterations?3?4. ALU-based-qPCR is a highly sensitive,
sequence-specific method capable of detecting small shifts in cfDNA fragment composition. TS, while
powerful for visualization and quantification of fragment profiles, may lack the resolution to detect these
biological differences. Additionally, pre-analytical variables such as plasma processing, storage, and
cfDNA extraction efficiency may disproportionately impact fragment size distributions measured by TS,
but not qPCR amplification ratios?>2®. Our results therefore highlight a critical methodological point:
while cfDNA concentration measurements are reproducible across platforms, DIl is method-dependent
and requires cautious interpretation. The lack of agreement between ALU-based-qPCR and TS does not
represent a contradiction but rather reflects their measurement of different biological aspects of cfDNA,
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apoptotic/necrotic origin versus physical fragment size distribution. In practical terms, our findings
suggest that ALU-based-qPCR may be better suited for distinguishing ctDNA from background cfDNA in
the circulation, whereas TS is more useful for assessing overall fragment profiles and detecting large-
scale contamination with gDNA. Therefore, we emphasize the need to standardize cfDNA integrity
assays before clinical implementation, as relying on a single platform could lead to conflicting
conclusions. We further suggest that combining complementary methods, such as total cfDNA
concentration with ALU-based-qPCR, may provide a more comprehensive understanding of cfDNA
biology and enhance its utility as a biomarker in cancer research. Our data also underscore the
importance of correcting for gDNA contamination, which significantly influences fluorometric
quantification and may confound downstream analyses.

Conclusion

Taken together, our study demonstrates that cfDNA concentration is a robust marker of tumor presence,
but cfDNA integrity requires careful methodological consideration. Future work with additional

orthogonal assays, including gDNA correction using single-copy gene?®?” and next-generation
sequencing (NGS) of cfDNA fragmentation patterns, may help to reconcile these discrepancies and

establish reliable cfDNA integrity metrics for clinical use.

Abbreviations

cfDNA Cell-free DNA

ctDNA Circulating Tumor DNA

DIl DNA Integrity Index

gDNA Genomic DNA

HER2 Human Epidermal Growth Factor Receptor 2
HR+ Hormone Receptor-Positive
NGS Next-Generation Sequencing
TS TapeStation

TNBC Triple-Negative Breast Cancer
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Figure 1

Comparison of cfDNA levels and DIl between BC patients and healthy controls.

(a) Total cfDNA concentration measured by Qubit fluorometry shows a significant increase in tumor
samples compared to controls (p<0.0001). (b) cfDNA concentration estimated by TS electrophoretic
profiling also demonstrates higher levels in tumor samples (p=0.0048). (c) DIl calculated using ALU-
based gPCR, is significantly increased in tumor samples, reflecting a higher proportion of longer DNA
fragments (p=0.0002). Horizontal lines represent mean values; p-values from Mann-Whitney U test are
shown.
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Figure 2

TS fragment profiles and gDNA-corrected cfDNA concentration.

(a-c) Representative TS electropherograms from tumor samples showing cfDNA fragment distributions
with prominent mono- and di-nucleosomal peaks and varying degrees of gDNA contamination: no
detectable gDNA (a), mild gDNA contamination (b), and moderate-to-high gDNA contamination (c). (d-f)
Corresponding electropherograms from control samples showing no detectable gDNA (d), mild gDNA
contamination (e), and moderate-to-high gDNA contamination (f). High-molecular-weight gDNA
fragments are highlighted by red boxes. (g) gDNA-corrected cfDNA concentrations are significantly
higher in tumor samples compared to controls (Mann-Whitney U test; p < 0.0001).
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Figure 3

Comparison of qPCR- and TS-derived cfDNA integrity measurements.
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(a) Long-fragment cfDNA quantified by ALU247-qPCR is significantly elevated in tumor samples
compared to controls (p < 0.0001). (b) TS-derived DIl (ratio of large to small cfDNA fragments) shows no
significant difference between groups (Mann-Whitney U test; p=0.18). (c) Correlation analysis
demonstrates no association between ALU-based DIl and TS-derived DlI, indicating method dependency

(r¢=-0.075, p = 0.54 for controls; rg =-0.170, p = 0.091for tumor samples).
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