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Formalin-fixed paraffin-embedded (FFPE) samples are widely used
in cancer research and clinical diagnostics for preserving tissue
morphology and enabling long-term storage. However, FFPE-
induced DNA degradation, crosslinking, and inconsistent quality
control significantly hinder their utility in molecular analyses. In this
study, we established a robust nanoscale quality control (QC)
framework incorporating gel electrophoresis and quantitative poly-
merase chain reaction (qPCR) to evaluate DNA integrity in clinical
tissue FFPE samples. Our findings demonstrate a quantifiable
inverse correlation between the degree of DNA fragmentation
and amplification efficiency in FFPE samples. Further analysis of
26 single nucleotide polymorphism loci using targeted next-
generation sequencing demonstrated substantial improvements in
DNA integrity after enzymatic repair. A comparative whole-exome
sequencing analysis of endometrial carcinoma samples with differ-
ent archival durations demonstrated significantly increased damage
levels across multiple genomic features in long-term stored speci-
mens, highlighting the cumulative impact of archival duration.
These findings emphasize the detrimental effects of prolonged
storage on FFPE DNA quality. Our QC framework enables effective
sample stratification, facilitating the selection of high-integrity
specimens for sequencing and guiding heavily degraded samples
toward targeted short-amplicon assays. This strategy provides a
standardized approach to assess the integrity of FFPE-derived DNA,
supporting accurate and reproducible use of archival biospecimens
in clinical genomics.
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New concepts

We present a novel nanoscale-resolved DNA integrity assessment platform
that integrates qPCR, gel electrophoresis and next generation sequencing
(NGS) to unravel the molecular effects of formalin-fixed paraffin-embedded
(FFPE) processing and archival storage. Unlike existing studies that rely on
isolated methods, our work uniquely combines macro- and nanoscale
techniques to reveal formaldehyde-induced DNA fragmentation. A key
innovation is the development of a rapid quality control framework using
qPCR and gel electrophoresis for efficient pre-screening of archival FFPE
samples, addressing a critical bottleneck in clinical genomics. Additionally,
through NGS, we reveal storage-dependent biases in sequencing unifor-
mity, variant allele frequencies, and GC-rich sequence retention, offering
direct molecular evidence of DNA lesions affecting clinical sequencing.
Moreover, our findings demonstrate that enzymatic repair strategies
reduce base substitution artifacts while notably improving amplification
efficiency at genomic sites that were previously underrepresented or
undetectable prior to repair. Our work establishes a pipeline that bridges
nanoscale DNA damage characterization with actionable genomic work-
flows, improving the reliability of FFPE-derived data in precision oncology.
This approach not only enhances the use of archival biospecimens but also
provides new insights into optimizing FFPE sample utility for retrospective
cancer research and beyond.

1. Introduction

Clinical genetic research heavily relies on diverse nucleic acid
sources, including cell-free DNA (cfDNA)," fresh-frozen (FF)
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tissues, and formalin-fixed paraffin-embedded (FFPE) specimens.’
Each of these sources poses unique challenges, such as degrada-
tion, chemical damage, and contamination interference. Among
them, FFPE samples are particularly valuable due to their long-
term storage stability and widespread availability in clinical
archives.” Globally preserved FFPE specimens constitute an
extensive repository, offering unique research potential for retro-
spective analyses in precision oncology and molecular epidemio-
logy.*® However, the use of FFPE-derived DNA is significantly
hindered by formalin-induced damage.’" During fixation, for-
maldehyde causes chemical modifications, including DNA-
protein crosslinks, cytosine deamination (which leads to artifac-
tual C > T mutations), and oxidative base lesions."®® These
modifications not only reduce nucleic acid extraction efficiency
but also compromise the accuracy of downstream analyses, such
as quantitative PCR (qPCR) and next-generation sequencing
(NGS)."®*?° The paraffin embedding process further exacerbates
DNA degradation due to heat and dehydration, resulting in
fragmented and damaged DNA with non-uniform ends, which
complicates library preparation and sequencing.*'>*

FFPE DNA degradation poses significant challenges over
time, particularly in archival storage settings.>*>® Even under
controlled conditions, progressive fragmentation and depuri-
nation lead to shorter amplifiable fragments,”” which impede
PCR amplification efficiency and sequencing uniformity.*®>°
Research indicates that DNA integrity declines substantially
after years of storage, with FFPE samples stored for over 7 years
frequently failing to meet quality thresholds for reliable geno-
mic analysis.*® This degradation manifests as reduced library
yields, increased shifts in variant allele frequencies (VAFs),
and biases in GC-rich sequence retention.*’ Despite these
challenges, recent advances in sample preparation, repair,
and analytical techniques have improved the utility of FFPE
samples for genomic studies, enabling researchers to extract
valuable information from these historically challenging speci-
mens.***? Enzymatic repair kits, such as PreCR, aim to restore
DNA integrity by addressing base damage, including the exci-
sion of deaminated cytosines and the repair of oxidized
guanine.* This repair capacity enables the recovery of PCR-
amplifiable templates from degraded DNA, thereby improving
the fidelity of downstream genomic analyses by mitigating
FFPE-induced sequencing artifacts.>®

FFPE processing and storage introduce variable degrees of
DNA damage, necessitating thorough evaluation prior to geno-
mic applications. Therefore, we employed gel electrophoresis
and qPCR to systematically compare DNA extracted from FF
and FFPE specimens, establishing a standardized QC frame-
work for the rapid assessment and screening of FFPE samples.
To further elucidate the impact of DNA degradation and repair
on sequencing accuracy, we performed targeted NGS on both
untreated FFPE samples and those treated with a commercial
DNA repair kit, focusing on 26 single nucleotide polymorphism
(SNP) loci. Additionally, we conducted whole-exome sequencing
(WES) on FFPE samples archived for different durations to
evaluate the effects of DNA fragmentation and mutation pro-
files on sequencing performance. This multi-tiered analytical
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approach enables the efficient screening of FFPE samples,
facilitating optimal resource allocation for downstream appli-
cations. Specifically, high-integrity samples are prioritized for
applications requiring long DNA fragments, such as whole-
exome sequencing (WES) and gene fusion detection,®® while
severely degraded samples are directed toward targeted short-
amplicon assays. By bridging the gap between the characteriza-
tion of FFPE-induced damage and the implementation of
practical QC strategies, our study supports the reliable utiliza-
tion of archived biospecimens in clinical genomics and con-
tributes to improving the accuracy and reproducibility of FFPE-
based genomic research.

2. Materials and methods
2.1. DNA extraction and quantification

A total of 33 FFPE samples of endometrial carcinoma (EC)
tissue and 4 paired FF EC tissue samples were collected from
the International Peace Maternity & Child Health Hospital of
the China Welfare Institute; and 11 FFPE samples of hepato-
cellular carcinoma (HCC) tissue were obtained from Shandong
Provincial Hospital affiliated with Shandong First Medical
University. All samples were prepared between 2018 and 2024
and subsequently analyzed. Genomic DNA (gDNA) was
extracted from these samples using the QIAamp DNA FFPE
tissue kit (Qiagen) according to the manufacturer’s protocol.
FFPE repair was performed using the PreCR repair mix (NEB,
M0309). The quality of the extracted DNA was assessed using a
fluorometric assay (Qubit 4.0 Fluorometer), and the concentra-
tions were subsequently adjusted to 20 ng uL ™.

2.2. PCR amplification of varying lengths

To assess the quality of the extracted DNA, we employed single-
plex qPCR to amplify six SNPs and multiplex qPCR for targeted
library preparation followed by NGS. This approach enabled us
to evaluate DNA integrity, amplifiability, and suitability for
downstream NGS applications, ensuring high-quality and reli-
able sequencing results.

The gqPCR analysis was conducted on a CFX96 Real-Time
PCR Thermal System (Bio-Rad) with a reaction volume of 10 pL,
comprising 5 pL of 2x SYBR Green master mix, 1 pL of 4 uM
forward primer, 1 pL of 4 uM reverse primer, 2 pL of nuclease-
free water, and 1 pL of extracted gDNA. The qPCR was initiated
at 95 °C for 2 min, followed by a thermal cycle consisting
of denaturation for 10 s at 95 °C, annealing, and extension at
60 °C for 30 s.

2.3. Gel electrophoresis of extracted DNA

To verify DNA integrity, we employed agarose gel electrophoresis
using a standardized protocol. A 1% agarose gel was prepared by
dissolving 1 g of agarose powder in 100 mL of 1x TAE buffer,
which was heated in a microwave until fully dissolved. After
cooling to approximately 50 °C, GelRed dye was added at a final
concentration of 1x, and the mixture was poured into a gel mold
equipped with a comb for well formation. The gel was allowed to
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solidify at room temperature for 30 min before being transferred
to the electrophoresis tank. Subsequently, 10 uL of extracted DNA
samples were mixed with 2 pL of 6 loading buffer (6 x Ficoll Gel
Loading Buffer III) and loaded alongside a 50-10 000 bp molecu-
lar weight ladder. Electrophoresis was performed at 100 V for
60 min in TAE buffer until the dye front migrated sufficiently. The
gel was then visualized under UV light using a documentation
system to assess the band size and intensity.

Additionally, denaturing polyacrylamide gel electrophoresis
(PAGE) was conducted using a 10% denaturing gel. The gel was
prepared by dissolving 20 g of urea in 10 mL of 5x TBE buffer
using sonication. Following this, 100 pL of 10% ammonium
persulfate and 5 pL of TEMED were added to initiate polymer-
ization, ensuring a final TBE concentration of 1x. The gel was
cast and allowed to polymerize at room temperature. For
sample preparation, 5 uL of extracted DNA was mixed with
5 pL of 2x urea-based denaturing sample buffer and heated at
95 °C for 5 min. After denaturation, the samples were stored on
ice until loading onto the gel. Electrophoresis was carried out at
120 V in 1x TBE buffer at room temperature, with progress
monitored as the samples migrated through the denaturing
gel matrix.

2.4. Library preparation and data analysis

For WES, gDNA was fragmented into 180-280 bp segments
through random shearing. These fragments underwent end
repair, A-tailing, and Ilumina adapter ligation, followed by
PCR amplification and size selection. Hybridization capture
was performed using biotin-labeled probes and streptavidin-
coated magnetic beads to isolate exonic regions, with non-
hybridized fragments removed through washing. The captured

Liver DNA extraction
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libraries were then enriched via PCR and subjected to quality
control, which included Qubit quantification, real-time PCR,
and bioanalyzer size distribution analysis.

Libraries were sequenced on Illumina platforms using a
paired-end 150 bp (PE150) strategy after pooling based on
concentration and data requirements. Raw sequencing data
underwent quality trimming with Fastp, which removed read
pairs containing adapter contamination (> 10 nucleotide align-
ment with <10% mismatches), reads with >10% uncertain
bases, or those with >50% low-quality bases (Phred score < 5).
Cleaned reads were aligned to the GRCh38 reference genome
using BWA-MEM v0.7.17. Base quality recalibration was imple-
mented through GATK 4.0.2.1 in a two-step workflow: first,
generating covariate tables with BaseRecalibrator using known
variants, followed by the application of recalibration para-
meters genome-wide using ApplyBQSR. Variant calling was
conducted with GATK HaplotypeCaller, and low-confidence
variants were excluded based on filtering criteria (GQ < 20,
DP < 10 or > 500, QUAL < 30) prior to downstream analysis.

3. Results and discussion
3.1. Assessment of DNA integrity in FFPE samples

DNA samples extracted from FF cell lines and FFPE samples of
HCC and EC, prepared between 2018 and 2024, were studied
(Fig. 1a). FFPE tissue samples represent a critical resource
for retrospective studies in cancer research, bridging clinical
data with long-term patient outcomes. However, formalin fixa-
tion, paraffin embedding, prolonged storage and harsh extrac-
tion can cause DNA degradation, leading to single-strand
breaks (SSBs), double-strand breaks (DSBs), DNA-protein

SSB 00O OX
DSB Q0¥ .OOK

opc T TN

Damaged DNA

Endometrium — — T
b Qc C Genomic analysis
Gel electrophoresis Classification NGS
Marker FF FFPE-1 FFPE-2 NA18562 HEK293-T FFPE-2 — -
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Fig. 1 Schematic illustration of DNA quality assessment from FF and FFPE samples. (a) DNA extraction from FF and FFPE samples prepared in different
years from cancer tissue samples using the QlAamp DNA FFPE tissue kit. (b) Evaluation of DNA fragmentation in FFPE samples via gel electrophoresis and
assessment of amplicon amplifiability of varying lengths by qPCR. FFPE-1 and FFPE-2 denote samples with different storage durations; FFPE-2 represents
an older sample with more extensive DNA degradation. (c) Bioinformatic analysis of FFPE samples by NGS, highlighting the impact of FFPE-induced DNA

damage on sequencing outcomes.
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crosslinks (DPCs), and other forms of damage, such as oxida-
tive damage.****” Such DNA damage can significantly com-
promise downstream molecular analyses (e.g., NGS), leading
to inaccurate or unreliable results.

In this study, we employed a combined approach of qPCR
and gel electrophoresis for the preliminary assessment of FFPE
samples (Fig. 1b). The gDNA extracted from human cell lines
including NA18562, NA18537, HEK293T, and HeLa was used as
the reference for comparisons. Given that DNA measures
0.34 nm per base pair, gel electrophoresis reveals that DNA
from FF references typically exceeds 1000 base pairs (approxi-
mately 340 nm), whereas DNA from FFPE samples is shorter
than 340 nm.*® This fragmentation was further corroborated by
gPCR analysis, the reference DNA typically shows decreasing Ct
values with increasing amplicon length. In contrast, damaged
DNA extracted from FFPE samples does not follow this
trend and often yields higher Ct values as the amplicon length
increases.

To further evaluate the impact of FFPE-induced DNA damage
on sequencing outcomes, we performed NGS analysis for FFPE
samples (Fig. 1c). The results revealed distinct patterns of DNA
degradation, with older samples exhibiting higher levels of
fragmentation and artifactual mutations, which were consistent
with prolonged archival storage. These findings underscore the
importance of implementing a standardized QC workflow to
ensure the reliability of FFPE-derived DNA for genomic analyses.

3.2. Evaluation of DNA fragmentation and amplification
efficiency in FFPE samples

To investigate the extent of DNA damage in FFPE samples,
we compared commercially available gDNA references (NA18562
and NA18572), FF and FFPE samples stored for 4 years. We
evaluated the amplification efficiency and fragmentation pat-
terns of DNA across 3 SNPs (rs206781, rs2638145, and rs2510152,
see Tables S1-S3, ESIt) with amplicon lengths ranging from
50 to 260 bp using qPCR and gel electrophoresis. This approach
allowed us to assess the impact of FFPE processing on DNA
quality and its implications for downstream analyses.

For intact reference DNA samples, the qPCR amplification
Ct value decreases as the amplicon length increases due to
enhanced fluorescence signal accumulation per cycle in longer
fragments. Consequently, the ACt between the Ct value of the
long amplicon and the short amplicon is negative. In FF
samples, ACt values (Ctysobp — Ctsonp) ranged from -2.0 to
-0.7 for the 3 SNPs, closely matching those of the reference
NA18562 (-2.0 to -1.0), both exhibiting a consistent trend of
decreasing Ct with increasing amplicon length. In contrast,
FFPE samples consistently exhibited an increase in Ct values as
amplicon length increased from 50 bp to 260 bp, with final Ct
increases ranging from 3.9 to 5.5 for these loci (Fig. 2a),
indicating substantial DNA fragmentation.

This divergence reflects the limited availability of FFPE DNA
templates for long template amplification, highlighting the
fragmented nature of FFPE-derived DNA. For example, at the
15206781 locus, the Ct difference between FFPE and FF samples
was 2.1 cycles for the amplification of a 50 bp sequence,

This journal is © The Royal Society of Chemistry 2025
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suggesting that FFPE samples retained only 23.3% of the
effective DNA concentration compared to FF samples. However,
for a 260 bp amplicon, the Ct difference increased to 8.3 cycles,
with FFPE DNA showing just 0.3% of the effective DNA concen-
tration relative to FF DNA (Fig. 2b). This dramatic reduction in
amplifiable DNA as amplicon size increases highlights the
severe fragmentation of FFPE-derived DNA, which significantly
impedes efficient PCR amplification.

Agarose gel electrophoresis further revealed distinct frag-
mentation patterns among sample types (Fig. 2¢). The reference
NA18572 exhibited superior DNA integrity, characterized by
longer fragment lengths and well-defined band distributions.
In contrast, FF samples predominantly retained high-molecular-
weight DNA (>1 kb), while FFPE samples exhibited significant
fragmentation, with most fragments being less than 1 kb. This
progressive degradation in FFPE samples is consistent with the
formalin-induced DNA damage observed in qPCR analysis,
further highlighting the impact of FFPE processing on DNA
quality.

Additionally, denaturing PAGE further distinguished the
quality differences between FF and FFPE samples (Fig. 2d).
The FF DNA exhibited discrete high-molecular-weight bands,
whereas FFPE samples displayed a heterogeneous fragment
distribution with significant migration of sub-100 nt fragments.
This smearing pattern confirms single-stranded DNA (ssDNA)
fragmentation in FFPE samples, consistent with formalin-
induced crosslinking and hydrolytic damage mechanisms.

The observed fragmentation patterns directly account for
the differential PCR amplification efficiencies between FF and
FFPE samples. Formaldehyde fixation induces extensive DNA
fragmentation through crosslinking and hydrolytic cleavage,
severely limiting the availability of intact templates for long
amplicons. As a result, FFPE-derived DNA exhibits increased Ct
values with amplicon length, reflecting a progressive loss of
amplifiable template regions. In contrast, FF samples, which
retain higher molecular weight DNA, maintain efficient ampli-
fication across a range of target sizes, with decreasing Ct values
for longer amplicons. The commercially available reference
DNA further confirmed this trend, demonstrating amplification
kinetics characteristic of intact gDNA. Collectively, these find-
ings highlight the substantial impact of FFPE processing on
DNA integrity, emphasizing the need for rigorous quality con-
trol measures to optimize the use of FFPE-derived DNA in
molecular analyses.

To further investigate the impact of sample preparation time
on DNA integrity, we analyzed EC FFPE tissue specimens
spanning multiple archival years (2018-2024). Similarly, we
employed the same FP and different reverse primers to gen-
erate amplicons of varying lengths (50 bp to 250 bp) targeting 4
SNPs (Fig. 3a and b and Tables S4-S6, ESIt). This approach
enabled a quantitative assessment of DNA fragmentation
through differential amplification efficiency. Taking rs206781
as an example, we compared ACt values between 250 bp and
50 bp amplicons for FF and FFPE samples, revealing a signi-
ficant correlation between ACt values and archival age (Fig. 3b
and Fig. S1, ESIT). One-way ANOVA demonstrated significant
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Fig. 2 Comparative analysis of DNA fragment length in FFPE and FF tissue samples preserved for 4 years. (a) gPCR analysis of NA18562, FF, and FFPE
samples at multiple SNP loci using reverse primers at varying distances from the forward primer. FFPE samples exhibited increased Ct values with longer
amplicons, indicating DNA fragmentation. (b) Relationship between ACt values and amplicon length, showing a progressive increase in ACt for FFPE
samples compared to FF controls. Here, ACt represents the difference in Ct values between FFPE and FF samples. (c) Agarose gel electrophoresis
comparing DNA fragmentation patterns in NA18572, FF, and FFPE samples. FFPE samples showed marked fragmentation, with most fragments being less
than 1 kb. (d) Denaturing PAGE analysis of FF and FFPE samples, highlighting ssDNA fragmentation in FFPE samples.

differences in ACt values among groups (F(4,32) = 20.2,
P < 0.001). Tukey HSD post hoc comparisons revealed distinct
patterns of nucleic acid degradation across storage durations.
References exhibited significantly lower ACt values than sam-
ples from 2018 (MD = —6.48, p < 0.001), 2019 (MD = —4.82,
p < 0.001), and 2023 (MD = —3.05, p = 0.025), supporting their
use as undamaged controls and highlighting the extent of
damage in samples stored for more than one year. However,
the difference between references and samples prepared in
2024 was not statistically significant (MD = —1.59, p = 0.459),
suggesting minimal damage in the most recently prepared
FFPE samples. Samples prepared in 2018 demonstrated signifi-
cantly higher degradation compared to 2023 (MD = 3.43, p <
0.001) and 2024 samples (MD =4.89, p < 0.001). Similarly, 2019
samples showed significantly increased ACt values relative to
2024 samples (MD = 3.23, p = 0.014). These findings demon-
strate a clear time-dependent increase in nucleic acid damage,
with critical degradation occurring in samples stored beyond 6
years. Furthermore, HCC samples mirrored this degradation
profile (F(2,12) = 27.5, p < 0.0001), with post-hoc Tukey HSD
tests confirming significant ACt differences between specimens
prepared during 2018-2020 and 2024-prepared specimens (MD =
—2.87, p = 0.0049), as well as between the 2018-2020 specimens

1696 | Nanoscale Horiz., 2025, 10, 1692-1702

and references (MD = —5.66, p < 0.0001). These findings
collectively demonstrate time-dependent nucleic acid damage
in FFPE-preserved tissues across multiple cancer types.

Cross-tissue analysis of 2024-prepared FFPE specimens
revealed significant ACt value disparities between HCC and
EC groups (permutation test: median difference = —1.218, p =
0.015, Fig. 3c). This pronounced divergence suggests that HCC-
associated DNA undergoes accelerated formalin-induced frag-
mentation during FFPE processing. Such inter-tumor variability
in DNA degradation may be attributed to tumor-specific intrin-
sic factors combined with pre-analytical variables.*®

Control experiments revealed genome-wide DNA degrada-
tion in the S1-2018 specimen, with systematically elevated ACt
values across all tested loci (ACt > 1.47) compared to reference
samples (ACt < —0.86) (Fig. 3d and Fig. S2-S5, ESIY). This pan-
genomic degradation pattern suggests that the observed frag-
mentation results from intrinsic genome-wide degradation
processes rather than sequence-specific amplification artifacts,
thereby validating the reliability of qPCR for assessing global
DNA integrity in archival specimens.

Agarose gel electrophoresis further validated the progressive
DNA fragmentation patterns in FFPE samples (Fig. 3e). Notably,
the main bands for FF samples were generally larger than

This journal is © The Royal Society of Chemistry 2025
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amplified using designed forward primers and different reverse primers. (b) ACt values of rs206781 locus amplification in 33 EC and 11 HCC FFPE samples
prepared from 2018 to 2024 years, with 4 DNA references (NA18562, NA18537, HEK293T, and Hela). Box plots show median and interquartile range.
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loci with amplicon lengths of 250 and 50 bp, showing uniformity across loci. (e) Agarose gel electrophoresis highlighting DNA integrity and fragmentation

patterns of FF and FFPE samples.

12000 bp, while both EC and HCC FFPE samples exhibited
significant degradation and smearing. Based on the primary
bands, we assessed the degradation severity as follows: S4-2024 <
$2-2019 < S5-2024 < S7-2024 < S6-2023 < S8-2024 < S3-2023 <
S$1-2018.

This fragmentation hierarchy directly paralleled the ACt
rankings observed in qPCR analysis, where specimens with
more severe fragmentation exhibited systematically elevated
ACt values. The correlation between reduced amplification
efficiency (reflected by higher ACt) and lower molecular weight
DNA underscores the mechanistic link between strand break
accumulation and polymerase accessibility limitations. These
findings validate ACt measurements as a robust, PCR-based QC
metric for assessing DNA integrity in archival biospecimens.
The approach of standardizing ACt thresholds against refer-
ence, combined with gel electrophoresis validation, provides a
robust framework for assessing FFPE sample suitability in
downstream genomic applications. Previous methods for asses-
sing the integrity of FFPE-derived DNA, such as NanoDrop
spectrophotometry only assess DNA concentration but do not
reflect DNA integrity,”® while gel electrophoresis offers visual
assessment with inherent subjectivity and variability.*' The
Q-ratio method evaluates DNA integrity by comparing the
gPCR amplification of long and short fragments.* Herein, we

This journal is © The Royal Society of Chemistry 2025

combined gel electrophoresis and qPCR to comprehensively
assess DNA integrity in clinical FFPE samples, providing a cost-
effective quality control strategy for clinical workflows and
uncovering time-dependent nucleic acid damage across differ-
ent carcinoma tissue types.

3.3. Fragmentation analysis of FFPE samples via targeted NGS

To further investigate the impact of DNA fragmentation and
damage in FFPE samples, we selected 26 SNPs and designed
100-180 bp amplicons for targeted NGS (Table S7, ESIt).
We studied 5 FF and 8 FFPE samples, including 4 matched
pairs, collected during 2018-2024. In NGS analysis, FFPE
samples prepared in 2024 showed significantly higher read
count uniformity compared to those from 2018/2019, as indi-
cated by a lower coefficient of variation (CV; 1.165 vs. 1.535)
and Gini index (0.569 vs. 0.691), with statistical significance
(Mann-Whitney U = 16.00, p < 0.05 for both metrics, Fig. 4a).
These results confirm that prolonged FFPE storage aggravates
DNA damage, reducing available template numbers at certain
loci and causing greater amplification bias.

To further elucidate time-dependent degradation effects, we
analyzed a matched pair of FF and FFPE samples preserved for
4 years, as well as the FFPE samples repaired using the preCR
kit. The observed disparity in read counts across samples
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Fig. 4 Comparative analysis of FFPE, FFPE-repaired, and FF samples using targeted NGS. (a) Uniformity metrics comparison (CV and Gini index) between
FFPE samples prepared in different years. (b) Reads at 26 predefined SNP loci for FFPE and FF samples, highlighting differences in sequencing read counts.
(c) Read proportions of 26 predefined SNP loci in FFPE versus FFPE-repaired samples. (d) Distribution of base substitution patterns observed in the

different sample types.

reflects a complex interplay of DNA fragmentation dynamics,
repair-induced template redistribution, and PCR amplification
biases. FF samples demonstrated significantly higher mean
read counts at the 26 SNP loci, reaching 8155, compared to
172 in FFPE. The distribution of read counts across these loci
was also more uniform in FF samples, with a CV of 1.46 and a
Gini index of 0.65, compared to a CV of 1.53 and a Gini index of
0.69 in FFPE samples. This discrepancy reflects the reduced
number of amplifiable templates caused by FFPE-associated
DNA fragmentation (Fig. 4b, more details in Fig. S6, ESIt).
Notably, loci with initially high read proportions, defined as the
percentage of total reads across all 26 loci in FFPE samples,
generally exhibited reduced proportions following PreCR treat-
ment (Fig. 4c). For instance, the read proportion of rs10104396
decreased from 20.16% to 9.14% after PreCR treatment.
In contrast, loci with negligible or undetectable initial read
proportions showed substantial increases, such as rs869720,
which rose from 0.02% to 3.56%, and rs1898170, which
increased from 0% to 0.36%. This phenomenon may be attrib-
uted to the enhanced amplification and capture of certain loci
that benefited from better repair, leading to an increase in their
read proportion. Given the fixed sequencing data volume,
this resulted in a relative decrease in the read proportion of
other loci.

1698 | Nanoscale Horiz., 2025, 10, 1692-1702

Additionally, the repair process may have altered DNA
integrity, fragment length distribution, and amplification pre-
ferences, collectively contributing to the observed changes in
read proportion distribution. These bidirectional shifts under-
score the efficacy of the PreCR kit in repairing FFPE-induced
DNA lesions. The treatment not only restored amplifiable DNA,
enabling the detection of previously undetectable loci, but also
enhanced the amplification of underrepresented loci, thereby
improving the overall quality of genomic analysis.

A comparative analysis of mutation patterns across FFPE,
FFPE-repaired, and FF samples reveals critical insights into
formalin-induced artifacts and repair efficacy (Fig. 4d). The
most prevalent mutation observed was A > G, with proportions
of 18.02% in FFPE, 16.81% in FFPE-repaired, and 14.88% in FF
samples. While A > G transitions are traditionally attributed to
sequencing errors rather than formalin damage, the elevated
rate in FFPE compared to FF suggests potential compounding
effects of formalin fixation on error-prone sequencing contexts.
This trend aligns with reports of oxidative damage exacerbating
sequencing inaccuracies in archival samples.

Notably, the C > T transition, a well-documented formalin
artifact,*>*>*® decreased progressively from 14.68% in FFPE to
14.40% in FFPE-repaired and 13.85% in FF. This gradation
demonstrates the partial restoration of DNA integrity through

This journal is © The Royal Society of Chemistry 2025
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preCR repair, bridging the molecular disparity between FFPE
and FF specimens. The repair process appears particularly
effective against deamination damage, though complete nor-
malization to FF levels remains elusive. Interestingly, G > A
mutations exhibited minimal variation across sample types,
ranging from 14.08% to 14.94%, potentially indicating mechan-
isms that are independent of fixation damage. Similarly, T > C
mutations displayed a range of 14.64% to 17.56%, also suggest-
ing mechanisms that are not influenced by fixation damage.

3.4. Impact of FFPE archival duration on WES quality and
genomic analysis

To investigate the effect of FFPE preparation time on NGS
library quality and mutation analysis, we selected two FFPE
samples prepared in different years (S1-2018 and S5-2024) for
WES analysis (Fig. S7-S9, ESIt). Despite shearing DNA frag-
ments to lengths between 180 bp and 280 bp during library
preparation, the 2018-prepared FFPE sample (S1-2018) exhib-
ited a lower average fragment length of 215 bp compared to
225 bp for the sample prepared in 2024 (S5-2024) (Fig. 5a). This
indicates that the 2018-prepared FFPE sample (S1-2018) under-
went more severe fragmentation, consistent with previous
gPCR and gel electrophoresis results.

To further investigate the impact of DNA fragmentation,
we visualized read alignment at rs206781 using IGV (Fig. 5b).
The results revealed that S5-2024 contained a higher number of
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longer reads at this locus compared to S1-2018. This discre-
pancy likely explains why Ct values in multi-amplicon length
gPCR increased more rapidly for S1-2018 as amplicon length
increased, highlighting the challenge of amplifying longer DNA
templates in older FFPE samples. These findings underscore
the progressive degradation of DNA in long-stored FFPE samples,
which poses significant challenges for applications requiring
high-quality sequencing data.

Furthermore, we performed mutation analysis on both
samples. After filtering out common SNPs and known COSMIC
mutations, S1-2018 exhibited a higher mutation density at VAF
ranges of 35.8-56.0%, while S5-2024 showed greater density at
VAF < 35.8%. (Fig. 5c). One possible explanation for this
pattern is the accumulation of formalin-induced artifacts over
time, particularly deamination events that lead to C > T
transitions. These artifacts tend to manifest at higher VAFs
due to their widespread occurrence across DNA molecules.**
Taken together, these findings highlight the compounded
effects of prolonged storage on both DNA integrity and muta-
tion profiles in FFPE samples.

To further elucidate the impact of storage duration on
sequencing performance, we analyzed differences in read den-
sity between S1-2018 and S5-2024 under identical GC content
and sequencing depth conditions (Fig. 5d). Our results demon-
strated that S1-2018 exhibited higher read density than S5-2024
in low-depth regions (50-150 reads) with GC content ranging
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Fig. 5 WES analysis of FFPE samples stored for different durations. (a) Distribution of read lengths for FFPE samples S5-2024 and S1-2018, sequenced on
the Illumina NovaSeq with paired-end 150 bp reads. (b) Visualization of read alignment near SNP rs206781 for both S5-2024 and S1-2018. (c) VAF
distribution of detected mutations in S5-2024 and S1-2018. (d) Density differences between samples S1-2018 and S5-2024 under identical GC content

and depth conditions.
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from 0.4 to 0.6. However, across a broader depth range (150-
400 reads), S1-2018 consistently displayed lower read density.
This pattern likely reflects the more extensive DNA damage in
$1-2018, which reduces amplification efficiency during library
preparation and consequently results in lower sequencing
coverage in mid-to-high depth regions. Conversely, the rela-
tively higher read density observed for S1-2018 in low-depth
regions may be attributed to the preferential sequencing of
shorter, more degraded DNA fragments, which fail to contri-
bute meaningfully to deeper coverage. Moreover, S5-2024 exhib-
ited higher read density in regions with lower GC content, a
finding consistent with previous studies indicating that DNA
with low GC content is more susceptible to degradation over
extended storage periods.”” This observation supports the
hypothesis that prolonged storage selectively exacerbates the
degradation of AT-rich regions, likely due to their lower ther-
modynamic stability and increased susceptibility to hydrolytic
damage.

Overall, these findings provide valuable insights into how
FFPE storage duration influences DNA integrity and sequen-
cing outcomes. Specifically, prolonged storage appears to inten-
sify GC-biased degradation while also altering fragment length
distribution and sequencing depth profiles. These results
underscore the critical importance of accounting for storage
duration when interpreting sequencing data from archival
FFPE samples, particularly in the context of mutation analysis
and genomic profiling.

4. Conclusions

This study provides a comprehensive evaluation of FFPE-induced
DNA degradation and its implications for genomic analyses,
addressing critical challenges in the utilization of archival
biospecimens. By integrating gel electrophoresis and qPCR,
we established a robust QC framework to assess DNA integrity
and optimize resource allocation for downstream applications.
Our findings highlight the progressive nature of FFPE degrada-
tion, with older samples exhibiting severe fragmentation,
reduced amplification efficiency, and altered mutation profiles.
Enzymatic repair strategies reduce base substitution artifacts
and rescue amplification at insufficiently amplified loci. WES
analysis revealed that prolonged storage intensifies GC-biased
degradation and increases mutation densities, particularly in
AT-rich regions, emphasizing the importance of accounting for
storage duration in genomic studies. The multi-tiered QC
approach developed in this study enables efficient screening
of FFPE samples, ensuring optimal utilization of high-integrity
specimens for WES while directing degraded samples toward
targeted assays. These advancements bridge the gap between
FFPE damage characterization and practical QC strategies,
enhancing the reliability of archival biospecimens in precision
oncology and molecular epidemiology. Future research should
focus on refining repair techniques and developing standardized
QC metrics to further improve the accuracy and reproducibility of
FFPE-based genomic studies.
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