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This study presents a highly sensitive fluorescence biosensor inte-
grating TdT enzyme and CRISPR-Cas12a for precise detection of
sperm DNA damage, achieving a detection limit of 0.99 pM and a
linear range of 0.001-0.2 nM. Its exceptional sensitivity, simplicity,
and versatility make it a transformative tool for reproductive medi-
cine and clinical diagnostics.

DNA damage is prevalent in mammalian reproductive cells.
Maintaining the integrity of sperm DNA is crucial for the
stable inheritance of paternal genetic material.'™ Sperm DNA
damage impairs reproductive capacity and poses substantial
risks to the genetic stability and health of offspring.* The most
common types of sperm DNA damage are single-strand breaks
(SSBs) and double-strand breaks (DSBs), which are predomi-
nantly induced by oxidative stress. Oxidative radicals (e.g,
hydroxyl radicals) and external factors, including ionizing radi-
ation, directly or indirectly cause DNA fragmentation, thereby
impairing sperm function and reducing fertilization
capacity.”®

Advances in assisted reproductive technologies (ART), par-
ticularly intracytoplasmic sperm injection (ICSI), enable sperm
with DNA damage to bypass natural selection and directly fer-
tilize oocytes. While oocytes and zygotes can repair DNA
damage to a certain degree, excessive damage exceeding their
repair threshold may lead to defective DNA transmission,
heightening the risk of hereditary diseases.”™* The accurate
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detection and evaluation of sperm DNA damage have become
pressing priorities in modern reproductive medicine. Existing
methods for detecting sperm DNA fragmentation (SDF) pri-
marily include the sperm chromatin dispersion test (SCD),"*"*
the sperm chromatin structure assay (SCSA),"”™"” terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL),"*?° and the comet assay. Although these methods
are widely applied in both clinical and research settings, they
are limited by issues such as low sensitivity, operational com-
plexity, high cost, and subjective result interpretation.”” For
example, the SCD method is fast and simple but susceptible to
operator subjectivity. The SCSA method is highly accurate but
necessitates expensive flow cytometry equipment, which limits
its widespread use. The TUNEL method is time-consuming
and prone to interference, whereas the comet assay, though
intuitive, depends on subjective interpretation. Furthermore,
existing evaluation metrics, such as the sperm DNA fragmenta-
tion index (DFI), cannot accurately quantify the extent of
sperm DNA damage, underscoring the demand for more
precise and efficient detection methods. A prior study intro-
duced a TdT-based approach integrated with a strand displace-
ment probe, aiming to enhance the precision of sperm DNA
damage assessment.””> However, its sensitivity remained sub-
optimal, with a detection limit of 0.01 nM.>?

To address these limitations, this study develops an innova-
tive fluorescence detection system for sperm DNA breakpoints,
combining enzyme technology, the CRISPR-Casl2a system,
and a PCR-based platform. The CRISPR-Cas12a RNA-guided
complex holds great promise for nucleic acid detection.>?

As shown in Fig. 1, TdT recognizes the 3'-OH ends of sperm
DNA breakpoints and extends them with polyadenosine (poly-
A) sequences. Guided by crRNA, the CRISPR-Cas12a system
specifically recognizes poly-A sequences, activating its trans-
cleavage activity to cleave a single-stranded fluorescence probe.
This cleavage separates FAM from BHQ-1, producing a strong
fluorescent signal.>* The fluorescence intensity rate is posi-
tively correlated with the number of poly-A sequences and,
consequently, the number of sperm DNA breakpoints. This
novel system enabled precise quantification of DNA break-

Analyst


http://rsc.li/analyst
http://orcid.org/0000-0002-4520-9049
https://doi.org/10.1039/d5an00031a
https://doi.org/10.1039/d5an00031a
http://crossmark.crossref.org/dialog/?doi=10.1039/d5an00031a&domain=pdf&date_stamp=2025-02-24
https://doi.org/10.1039/d5an00031a
https://pubs.rsc.org/en/journals/journal/AN

Published on 20 February 2025. Downloaded by Shanghai Normal University on 2/26/2025 3:10:55 AM.

Communication

Breakpoint

Sperm

DNA —— 3
‘ 1
f& DNA -
o 7 extraction (
e B, —
w o N w

Recognition

Extension

Cas12a
Time (min)

[ -
%‘”}”/* ) o A\

CRISPR-Cas12a System

TdT dATP Cas12a crRNA  Probe

Fig. 1 Schematic illustration of the working principle of the biosensor.

points, providing a more accurate assessment of sperm DNA
fragmentation levels. Additionally, we explored the application
of this detection system for assessing DNA damage in other
reproductive cells, including spermatogonial stem cells. This
technology not only addresses the limitations of traditional
methods but also serves as a valuable tool for investigating
DNA damage and repair mechanisms.

Verification of the biosensor’s working
principle

To validate the functionality of the novel biosensor, synthetic
single-stranded DNA (ssDNA) was used as the substrate. sSSDNA
samples at varying concentrations (0, 0.001 nM, 0.01 nM, 0.05
nM, 0.1 nM, 0.2 nM, 0.5 nM, 1 nM, and 2 nM) were prepared
and incubated with TdT at 37 °C for 30 minutes. After thermal
inactivation of TdT, a fluorescence reporter system containing
Cas12a was introduced. The crRNA recognized the poly-A
sequence extended by TdT at DNA break sites, activating the
trans-cleavage activity of the Casl12a system. This activity
cleaved the single-stranded fluorescent probe, separating FAM
from BHQ-1 and producing a strong fluorescence signal.>®

As shown in Fig. 2A, the blank control group (no added
DNA substrate) exhibited negligible fluorescence, while the
addition of 0.01 nM substrate DNA resulted in a significant
fluorescence increase. The rate of fluorescence signal increase
was subsequently calculated (Fig. 2B). Key parameters of the
fluorescence reporter system were systematically optimized to
enhance detection performance. These parameters included
Cas12a and crRNA concentrations, buffer composition, Mg>*
levels, probe length, and probe concentration (ESI, Fig. S17).

Under optimized conditions (Cas12a: 100 nM; crRNA: 200
nM; NEBuffer 4; 15-nt probe; 500 nM probe), fluorescence
curves were generated for varying substrate DNA concen-
trations (Fig. 2C). A linear equation was then fitted to describe
the relationship between fluorescence signal increase rate and
substrate DNA concentration. The linear detection range was
identified as 0.001-0.2 nM (Fig. 2D), with a limit of detection
(LOD) of 0.99 pM, calculated using the formula 3¢/k.

Analyst

View Article Online

Analyst

>
vs)

u.)

3 14000

12000 0.01nM

10000

©
=3
S
S

onm

-3
=3
S
S

Fluorescence intensity(a.
Rate of the flourescence increase

0 300 600 900 1200 1500 1800 o 001
Time (s) D nM

~ 90000 —
& 80000} —
270000
] PR
§ 60000

£ 50000
8 40000
& 30000
]

5 20000
2 10000

20 I p Y=265.91X+0.5158
- I f  R=09957

Rate of the flourescence increase

Q
-300 0 300 600 900 120015001800 0.0 0.5 1.0 1.5 2.0
Time (s) ssDNA Concentration (nM)

Fig. 2 (A) Fluorescence curves of the biosensor in the presence and
absence of the DNA substrate. (B) Fluorescence signal increase rates of
the biosensor under conditions with and without the DNA substrate. (C)
Fluorescence intensity of the biosensor at different ssDNA concen-
trations: 0, 0.001 nM, 0.01 nM, 0.05 nM, 0.1 nM, 0.2 nM, 0.5 nM, 1 nM,
and 2 nM. (D) Standard curve illustrating the relationship between the
fluorescence signal increase rate and ssDNA concentration.

Compared to previously reported sensors for detecting DNA
breakpoints,>** this system achieves a significant improve-
ment in detection limit, demonstrating higher sensitivity and
greater application potential.

The number of DNA break sites can be calculated by substi-
tuting the fluorescence signal increase rate of the test sample
into the linear equation. Detailed calculation formulas are pro-
vided in the ESI (section 1.437).

To assess the feasibility of the sensor for detecting DNA
breakpoints, initial experiments were conducted using syn-
thetic DNA strands. A 99 bp double-stranded DNA (dsDNA)
molecule (ESI, Table S1t) was used to validate the sensor’s
ability to detect single-stranded breakpoint sites. The Nt.Alwl
nicking enzyme®® was used to recognize and cleave the
GGATCNNNNN sequence on the DNA strand, generating
single-stranded DNA breakpoints (SSBs) without fully cleaving
the DNA. The sensor was then applied to quantify DNA break-
points before and after enzymatic treatment. As shown in
Fig. 3A and B, the number of DNA breakpoints increased
markedly following enzymatic cleavage.

To further validate the sensor’s detection capability in bio-
logical samples, its performance was evaluated on large-frag-
ment genomic DNA. A DNA (31.5 x 10° Da; 48502 bp) was
selected for this study. The A DNA was treated with the SnaB I
enzyme, which recognizes the TAC/GTA sequence in A DNA
and cleaves both strands to generate blunt-ended double-
stranded breaks (DSBs). Changes in DNA breakpoints were
subsequently detected. As shown in Fig. 3C and D, a substan-
tial increase in DNA breakpoints was observed following enzy-
matic cleavage. After detecting genomic DNA breakpoints, the
sensor was applied to detect sperm DNA breakpoints. As
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Fig. 3 Feasibility verification of the sensor for DNA breakpoint detec-
tion. (A and B) Fluorescence curves and corresponding signal increase
rates for detecting DNA breakpoints in 99 bp DNA pre- and post-Nt.Alwl
treatment. (C and D) Fluorescence curves and corresponding signal
increase rates for detecting DNA breakpoints in » DNA (48 502 bp) pre-
and post-SnaB | treatment. (E and F) Fluorescence curves and corres-
ponding signal increase rates for detecting DNA breakpoints in sperm
DNA samples obtained from 3 patients.

shown in Fig. 3E and F, sperm DNA from three patients exhibi-
ted distinct fluorescence curves with varying slopes, reflecting
variations in the number of DNA breakpoints. Using the
slopes corresponding to the three indicators, Y (37.69; 6.80;
31.22), and substituting them into the standard curve equation
(Y = 265.91x + 0.5158), the corresponding values of x (0.14;
0.024; 0.115) were obtained. Then, by substituting X (C,) into
the calculation formula (see ESI, section 1.43%), the mean
number of DNA breakpoints in the sperm samples was deter-
mined:

MDB,; =1.363 x 10°, MDB, = 0.230 x 10°,
and MDB; = 1.126 x 10°.

To establish a standard curve, synthetic short single-
stranded DNA (ssDNA) was used. However, significant mole-
cular differences between the target analyte (sperm genomic
DNA, a long and complex biomacromolecule) and the cali-
bration standard (synthetic ssDNA) may lead to discrepancies
in breakpoint quantification (MDB) calibration. To evaluate
the system’s accuracy, spike-and-recovery experiments were
performed to assess the impact of random errors (e.g., oper-
ational or instrumental errors) and systematic errors (e.g.,
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matrix effects or non-equivalence).”” Ten sperm DNA samples
were analyzed in this experiment. The initial breakpoint values
(MDB,) were recorded, followed by the addition of 0.1 nM syn-
thetic ssDNA to each sample. After spiking, the breakpoint
values (MDB,) were measured.

Recovery Rate (%) = [(MDB, — MDB;) + 0.1 nM] x 100%

As shown in the ESI (Table S27), recovery rates for the 10
samples ranged from 85.96% to 107.12%, with an average
recovery rate of 98.0% =+ 8.2%. These results confirm the accu-
racy and reliability of the sensor system in detecting DNA
breakpoints. Additionally, the stability and reproducibility of
this biosensing technology were evaluated. As shown in (ESI,
Table S31), the intraday relative standard deviation (RSD) for
the same sperm DNA ranged from 1.93% to 4.99%, whereas
the interday relative standard deviation (RSD) was 3.48%.

Ten sperm samples were randomly selected, and their
genomic DNA was extracted and MDB values measured. The
extracted DNA underwent a second round of extraction, and
MDB values were measured again. As shown in (ESI, Fig. S27),
the MDB values after two rounds of extraction were similar to
those after one round, with no statistically significant differ-
ence. These results confirm that the extraction process does
not introduce artificial breakpoints into sperm genomic DNA.

To assess the biosensor’s effectiveness in practical appli-
cations, oxidative damage to sperm DNA caused by reactive
oxygen species (ROS) was first examined, using hydrogen per-
oxide to simulate the damage. The impact of different
exposure durations (15, 30, 45, and 60 minutes) on the
number of sperm DNA breakpoints was analyzed. The results
showed a significant increase in DNA breakage after
60 minutes of exposure, approximately four times the baseline
level (Fig. 4A). This experiment highlights the biosensor’s
ability to assess oxidative stress-induced damage to sperm
DNA. Additionally, the biosensor’s clinical potential in disease
diagnosis was validated by analyzing sperm samples from
different populations. First, sperm samples with normal
semen parameters were compared to those from patients with
asthenozoospermia. The results (Fig. 4B) showed that the
number of DNA breakpoints in asthenozoospermia samples
(8.01 x 10°) was significantly higher than in normal samples
(4.78 x 10°). This indicates that the biosensor can effectively
distinguish between samples with varying semen quality.
Furthermore, we analyzed sperm samples from patients with
idiopathic recurrent pregnancy loss (RPL) and healthy individ-
uals. The results (Fig. 4C) revealed that the number of DNA
breakpoints in RPL patients (11.86 x 10°) was markedly higher
than in healthy individuals (4.96 x 10°). This suggest that the
biosensor can not only evaluate semen quality but also provide
valuable insights for diagnosing specific conditions, such as
idiopathic recurrent pregnancy loss. In conclusion, the bio-
sensor demonstrates significant clinical value in assessing
sperm DNA damage caused by external factors and detecting
disease-associated sperm DNA damage. It provides effective
support for evaluating male fertility and diagnosing related
conditions. The applicability of the biosensor in detecting
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Fig. 4 The applications of the biosensor in various scenarios: (A) sperm
DNA breakpoints under different hydrogen peroxide exposure durations
(15, 30, 45, and 60 minutes, n = 6). (B) Detection of sperm DNA break-
points in normal individuals (n = 15) and asthenozoospermia patients (n
= 30). (C) Detection of sperm DNA breakpoints in patients with idio-
pathic recurrent pregnancy loss (RPL, n = 12) and healthy individuals
(normal, n = 20). (D) Detection of spermatogonial stem cell DNA
damage under heat stress conditions (n = 3).

DNA breakage in other reproductive cells was further explored.
Spermatogonial stem cells were used as a model to assess DNA
damage under heat stress conditions. The results (Fig. 4D)
indicated a significant increase in DNA breakpoints in sperma-
togonial stem cells under heat stress, which further escalated
with prolonged stress exposure. These findings suggest that
the biosensor is not only suitable for assessing sperm DNA
damage but also broadly applicable for monitoring the health
of other reproductive cells, studying environmental stress
effects, and investigating the mechanisms of male infertility.
This offers a novel tool and perspective for evaluating repro-
ductive health and implementing interventions.

The primary limitation of the biosensor system lies in the
time-intensive DNA extraction process, which could potentially
be resolved through automated instruments following further
validation. Additionally, the limited sample size highlights the
need for large-scale, multicenter studies to generate compre-
hensive data and explore the correlation between MDB values
and clinical fertility outcomes, thereby enhancing clinical
applicability.

In summary, the novel biosensor, characterized by its high
sensitivity and precision, demonstrates substantial potential in
evaluating external stimuli, assessing male fertility, and diag-
nosing related conditions. By employing TdT enzyme to recog-
nize and extend DNA breakpoints in combination with
Cas12a, the biosensor achieves an exceptional breakpoint
detection sensitivity of 0.99 pM. The biosensor operates
without the need for expensive instruments and allows precise
detection of DNA breakpoints using a fluorescence detection
device. With further optimization of operational procedures
and the expansion of clinical studies, this system is anticipated
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to become an essential diagnostic tool in male reproductive
health, offering scientific support for personalized treatments
and clinical decision-making.
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