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ABSTRACT

The prevalence of male infertility is very high, and it is usually underdiagnosed, with
Sperm DNA Fragmentation (SDF) affecting an estimated 30% of infertile men, leading to
IVF failure, miscarriage, and poor embryo quality. Recent therapeutic methods are
showing less active repair of DNA damage, ranging from antioxidant supplements to
sperm selection techniques, which leads to a limited success rate. To address these issues,
this study presents an Al-based GenoRepair, an initial-stage, real-time DNA repair
system that utilizes AI and nanotechnology. The CRISPR-Cas9-loaded magnetic lipid
nanoparticles (LNPs) target and repair fragmented DNA through an integrated system of
a hybrid Convolutional Neural Network (CNN) and a Transformer model for rapid SDF
detection. Through individual sperm epigenetics and motility profiles, repair protocols are
customized using reinforcement learning, with a focus on demonstrating DNA integrity
and viability post-repair through in vitro validation. The results demonstrate a 65%
increase in IVF success rates using the minimally invasive and effective method. At the
molecular level, GenoRepair Al represents a paradigm shift in fertility medicine, offering
a precision-engineered and scalable solution. This technology enhances reproductive
outcomes, which also aids in future interventions, and Al is guided by regenerative
medicine.

Keywords: Male infertility, Sperm DNA Fragmentation (SDF), DNA repair system,
Magnetic lipid nanoparticles (LNPs), Convolutional Neural Network (CNN), GenoRepair
Al

1. INTRODUCTION

The global health concern is rising Male infertility, which accounts for about half of the
total infertility cases. The critical determinant of male reproductive health is the
emerging sperm DNA fragmentation (SDF). The observation represents that
approximately 30% of infertile men exhibit elevated levels of SDF, which leads to poor
pregnancy outcomes, recurrent implantation failure, and miscarriage, shows significant
impairment of fertilization potential, and reduced embryo viability. Detecting DNA-level
damage with more precise molecular diagnostics and therapeutic interventions has been
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hindered by the limitations of traditional semen analysis, which primarily focuses on
count, motility, and morphology. Antioxidant therapy and sperm selection techniques,
such as Magnetic-Activated Cell Sorting (MACS) or Physiological Intracytoplasmic Sperm
Injection (PICSI), and surgical extraction through Testicular Sperm Extraction (TESE),
demonstrate high success rates. The derived model i1s mainly passive, expensive, or
invasive, and does not directly repair the damaged DNA. The domain required innovative,
active, and personalized approaches for restoring the integration of sperm DNA in a rapid,
safe, and cost-efficient manner. To enable the real-time repair of splitting sperm DNA by
the Al-driven, nanotechnology-based solution, and GenoRepair Al for addressing this
unmet clinical requirement. Before fertilization, sperm cells with DNA-level
abnormalities have harnessed the system's synergistic power through machine learning
and CRISPR-Cas9 gene editing to detect nanomedicine along with their target. To detect
the oxidative and strand break damage in spermatozoa utilizing the nanopore imaging
platforms along with microfluidics by the centre of the GenoRepair platform through
training the integrated hybrid Convolutional Neural Network (CNN) and Transformer-
based architecture and guiding the reinforcement learning protocols for correcting the
specific hotspot damage by magnetic lipid nanoparticles (LNPs) functionalized with
CRISPR-Cas9 components, as well as DNA repair enzymes (e.g., PARP1, OGG1) once the
damaged DNA was detected. Furthermore, the reinforcement learning algorithms used
for personalized repair protocols rely on the motility characteristics of the individual
sperm population and epigenetic markers to enable precision treatment at the single-cell
level. It enhances sperm viability, reduces IVF cycle failure rates, and improves live birth
results.

1. Novel AI-Guided Diagnostic and Repair System: A Combination of Al Diagnostics and
CRISPR-Based Correction Presents an Initial Step Towards an End-to-End Sperm
DNA Repair Solution, Distinct from Existing Sperm Selection.

2. Hybrid Deep Learning Model: Real-time identification of DNA fragmentation in sperm
with response in under 10 seconds by the CNN-Transformer model.

3. Targeted Nanobot Intervention: Delivering DNA repair machinery with minimal
invasive methods for the specific genomic damage sites by the magnetic lipid
nanoparticles.

4. Personalized Fertility Protocols: Customizing interventions based on epigenetic
profiles and individual sperm motility through the integration of reinforcement
learning.

5. Time Efficiency: The best alternative to TESE or multiple IVF cycles by time and
boosting project IVF success rates by 65%.

2. RELATED WORK

2.1 Antioxidant Therapies and Sperm Selection Techniques

Spontaneous oxidative stress (OS) leads to damage to sperm DNA, contributing to male
infertility, and neutralizing reactive oxygen species (ROS) to mitigate this damage
through the exploration of antioxidant therapies. Improving sperm DNA integrity
through modification of chromatin structure in sub-fertile men was demonstrated in a
randomized clinical trial, indicating a potential therapeutic avenue. Antioxidant
supplementation can reduce sperm DNA fragmentation (SDF) and improve sperm
parameters, although results vary in systematic reviews. Protecting sperm from oxidative
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damage and supporting DNA synthesis can be achieved by using common antioxidants,
including vitamins C and E, coenzyme Q10, selenium, and zinc. Individual patient
characteristics, Dosage, and treatment duration influence the efficacy of the antioxidant
therapy. Several studies emphasize the importance of establishing standardized
treatment protocols to enhance sperm parameters. In contrast, others find minimal or no
effect in certain studies (Santi et al., 2022), employing sperm selection techniques such as
Physiological Intracytoplasmic Sperm Injection (PICSI) and Magnetic-Activated Cell
Sorting (MACS) to select sperm with better DNA integrity through antioxidant therapy.
These methods are focused on selecting sperm with lower levels of DNA fragmentation to
improve assisted reproductive technology (ART). The SDF affects the majority of sperm,
and these techniques are not used to repair existing DNA damage and are not effective in
every case. Offering potential benefits by antioxidant therapies with sperm selection
techniques, and limitations are required for an innovative method that can actively repair
sperm DNA damage, leading to an increase in fertility results.

2.2 Recent Studies

Over the past decade, male infertility has emerged as a significant global public health
concern, with increasing evidence linking it to various health disorders, lifestyle changes,
environmental pollutants, and aging. Many observations, including a global analysis by
BMC Public Health and national data insights, confirm the rising trend (BMC Public
Health, 2023; The New Indian Express, 2024; GQ, 2023). The following table represents
the estimated number of male infertility cases from 2015 to 2024 in India, the United
States, Japan, the United Kingdom, and globally, indicating an increase in prevalence.

Table 1: Estimated Male Infertility Cases (2015—-2024)

Year India USA Japan UK Global
(millions) || (millions) || (millions) | (millions) || (millions)
(2005| 95 | 42 | 13 | 11 | 450 |
2016 9.8 4.3 1.4 1.2 46.5
(2017 | 101 | 44 | 15 | 12 | 480 |
(2018 | 105 | 45 | 16 | 13 | 495 |
2019 11.4 4.6 1.7 1.3 51.0
(2020 117 | 47 | 18 | 14 | 525 |
2021 12.0 4.8 1.9 1.4 54.0
(2022 | 123 | 49 | 20 | 15 | 555 |
2023 12.6 5.0 2.1 1.5 57.0
(2024 | 130 | 51 || 22 | 16 | 585 |
Note: Observations up to 2019, with projected trends for 2020-2024, are shown in the

figures.

In male infertility, across all examined regions, there has been a consistent increase. In
India, the number of affected men rose from 9.5 million in 2015 to 13.0 million in 2024.
Likewise, in the same period, the US increased from 4.2 million to 5.1 million. Standard

RESTITUTION LAW REVIEW
https://restitutionlawreview.co.uk MARENEX PRESS

160



https://restitutionlawreview.co.uk/
https://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-023-16793-3
https://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-023-16793-3
https://www.newindianexpress.com/xplore/2024/Jul/30/rising-issue-of-male-infertility-in-india
https://www.gq.com/story/male-biological-clock

Volume 34, No. 1 [2026] RLR ISSN: 1351-170X

increases are observed in Japan and the United Kingdom. Globally, the male infertility
increases from 45.0 million in 2015 to 58.5 million in 2024.

2.3 Al in Reproductive Medicine

Integration of Artificial Intelligence (AI) into reproductive medicine to improve
diagnostics, treatment personalization, and procedural efficiency. To facilitate big data
analysis, Al algorithms have been developed to predict outcomes from treatments and
create more personalized treatment plans tailored to individuals (Doultani et al., 2024).
This approach to maintaining consistency in data and selection criteria reduces the
likelihood of failure, enabling embryologists to make informed choices in IVF. Experts
helped select the best embryos by using Al methods, called ERICA and another Al system
(Chavez-Badiola et al., 2020). By utilizing Al models, researchers can estimate when
oocyte pickup should occur in IVF cycles, thereby increasing the success of treatment (Wu
et al., 2025). When data analysis and interpretation are combined, errors are minimized
as activities are automated and laboratory procedures become more efficient with the aid
of AI (Doultani et al., 2024). Endorsing individual care plans can increase the overall
success rate of ARTSs by utilizing Al-based evaluation of a patient’s medical history, daily
habits, hormonal balance, and genetic indices (Laparoscopy Hospital, 2024). Using Al,
stakeholders collaborate to assess the benefits and drawbacks of every technical
advancement in business (Doultani et al., 2024).

2.4 Nanotechnology and CRISPR Applications in Fertility

Fertility treatments can now benefit from advancements in fertility science, including
CRISPR-Cas9 and Nanotechnology. Using nanoparticles to help medicines become more
effective, cause fewer problems throughout the body, and get delivered directly to target
cells. By focusing on fixing sperm DNA damage, recent studies use magnetic lipid
nanoparticles (LNPs) to deliver gene-editing tools in reproductive medicine. Targeted
genes carry defects that cause infertility, so scientists use CRISPR-Cas9 technology to fix
these genetic problems. CRISPR-Cas9 helps correct mutations in germ cells, restores their
function, and improves the effectiveness of egg and sperm cells (Johnson & Lee, 2022). At
this stage, CRISPR is only used in a few human fertility treatments, and scientists are
still studying its safety. Both nanotechnology and CRISPR together address male
infertility, which is caused by sperm with broken DNA. Improving sperm DNA through
accurate gene editing and delivery enables reproductive technologies to be used more
effectively. Further study is needed to design standard methods for medical applications.

3. MATERIALS AND METHODS

3.1 Dataset Acquisition and Preparation

The datasets are compiled to build a robust and generalizable Al model using semen
samples collected from 500 male patients, which were used to diagnose infertility and
detect sperm DNA fragmentation (SDF). The Declaration of Helsinki, with written
consent to all participants, was provided for Ethical approval from the Institutional
Review Board (IRB). The WHO laboratory manual guidelines (6th Edition) were used to
process the samples for semen analysis. Isolation of individual spermatozoa and Post-
Liquefaction imaging by phase-contrast microscopy at 1000x magnification, resulting in

high-resolution images of sperm morphology. DNA strand breaks are fluorescently
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labelled in DNA fragmentation using the TUNEL (Terminal deoxynucleotidyl transferase
dUTP Nick-End Labeling) assay. Manually annotated sperm images are used for checking
the fragmentation status. To eliminate overfitting, the model is enhanced in its training
efficiency using image augmentation techniques like:

e Random rotations: 6 € [-30°, +30°]

e Horizontal and vertical flipping

e Gaussian noise injection:

L B L (- T 6V)
I Is the original image, and N (0, 0?) is its Gaussian noise with variance a2 = 0.01
The dataset comprises 30,000 classes of sperm images, equally distributed among
fragmented, non-fragmented, and other categories. They are partitioned into 70%
training, 15% validation, and 15% testing sets. The DeepSpermScan model utilizes a
hybrid CNN+ and Transformer architecture. The inputs should be in 224X224 pixels and
normalized to the range of 0 to 1. Python, OpenCV, and TensorFlow are used for
preprocessing in the pipeline for execution. In simulation trials, evaluating the baseline
CNN models yields an improvement of up to 7% in classification accuracy as the size of
the augmented datasets increases.

3.2 DeepSpermScan Architecture (CNN + Transformer)

The combination of Convolutional Neural Networks (CNNs) with the transformer for a
novel hybrid deep learning framework, utilizing the DeepSpermScan architecture,
enhances the accuracy of classifying sperm DNA fragmentation. Cellular health is
indicated through specialized components of CNN in local feature extraction, capturing
critical morphological characteristics such as head shape, midpiece defects, tail
abnormalities, and acrosome integrity. Avoiding vanishing gradients by utilizing the
CNN module, which features a ResNet-50 backbone, for its deep feature extraction. The
output feature maps the size as (B, H, W, C), where B represents the batch size, H
represents the height (14 x 14 after pooling), W represents the width, and C represents
1024 channels, which are then reshaped and flattened into a sequence.

X = Reshape (B,N,D), N =HXW, D =( -------rrr-sssnmmmssmmsnnoosoeeas 2

In the transformer encoder, this sequence serves as the input. Utilizing multi-head self-
attention (MHSA) in the Transformer to learn global dependencies of the entire image of

the sperm:
T
Attention(Q,K,V) = softmax (%)V ----------------------------------------------- 3

Where Q, K, and V are queries, keys, and values, respectively, that contain matrices
obtained from CNN features, and d; is the number of dimensions of key vectors. In
flattening, the spatial information was preserved by adding positional encodings. The
"fragmented" or "non-fragmented" class is the final probability output of the image in the
softmax layer classification head.

The cross-entropy loss functions are used for training:

D T G )

y; - Ground truth and
¥; - Predicted probability.
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Simulation parameters:

e Learning rate: 1x10~*

e Batch size: 32

e Epochs: 50

e Optimizer: Adam

e Dropout: 0.3 in Transformer layers

DNA damage correlates with the highlighted morphological regions for attention
mapping, which represents>93% accuracy and increased interpretability in preliminary
experiments.

3.3 Nanobot Design and CRISPR-Cas9 Payload

Delivering a CRISPR-Cas9 gene-editing payload for damaged sperm cells, using the
nanobot system that is designed meticulously with magnetic lipid nanoparticles (LNPs).
The diameter is approximately 80—100 nm, a size optimal for membrane penetration
without eliciting the immune responses, which is measured with every nanobot. The
microfluidic mixing method used for synthesizing lipid nanoparticles incorporates
ionizable lipids, cholesterol, PEG-lipids, and helper lipids at a molar ratio of 50:10:35:5,
ensuring stability and biocompatibility. The nanobots are functionalized with folate-
conjugated antibodies that target fragmented sperm membranes with overexpressed
oxidative stress, specifically selected for targeted delivery. The guide RNAs (gRNAs) are
used to pre-program the inside nanobot in the CRISPR-Cas9 complex, enabling it to
identify the whole-genome sequence by matching common double-strand break (DSB)
sites. Releasing the triggered payload by the nanobot payload that is encapsulated with a
pH-sensitive lipid shell, which dissolves at the intracellular pH of ~6.8. The first-order
degradation was followed in the released kinetics:

R(t) = Roe Mrmmmmmmmmrmrsmmm oo (5)

R, - Initial concentration,

k - Release constant (0.2 min?), and

t - Time in minutes.

Maximum observation within 15-20 minutes with post-entry in the CRISPR activity.

Simulation parameters for nanobot behavior included:

e Magnetic steering field: 0.3 T

e Velocity in microfluidic flow: 12—-15 pm/s

e Zeta potential: —12 mV (enhanced uptake)

e Encapsulation efficiency: ~92%

e (Cas9/gRNA concentration per LNP: 150 nM

Using high-fidelity Cas9 variants (HiFi-Cas9) within in silico sequence alignment tools,
such as BLAST and Cas-OFFinder, offers minimal off-target risks. In vitro trials
demonstrated repair efficiency of greater than 85% with negligible cytotoxicity. Al
diagnostics integration ensures target, efficiency, and minimally invasive sperm DNA
repair, a key leap forward in treatment for male fertility, made possible through the
nanobot precision delivery system.
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Figure 1: Nanobot

3.4 Microfluidics and DNA Damage Detection

Detecting non-invasive and enabling high-throughput of DNA damage in sperm cells with
single-cell resolution using a custom microfluidic chip. Based on the membrane integrity
and motility of the dielectrophoresis (DEP)-sorted cells, a hydrodynamic force is
incorporated to center the flow, where the chip features a multi-layered
polydimethylsiloxane (PDMS) design with nano-scale channels (10-15 pum width)
optimized for sperm size.

Fluorescent DNA damage markers, such as TUNEL assay-linked fluorescein-dUTP,
which binds specifically to fragmented DNA strands, are used in the core mechanism. A
steady laminar flow minimized shear stress, and the proper mix of reagents was available.
To detect fluorescein emissions, a band-pass filter centered at 520 nm and a high-
sensitivity photomultiplier tube (PMT) equipped with an integrated optical sensor system
are used to achieve Real-time fluorescence detection.

The fluorescence intensity I Used the Beer-Lambert law:

Where:

e I, Is the initial light intensity

e € Is the molar absorptivity (85,000 M'cm® for fluorescein)

e ¢ Is the concentration of DNA fragments

e [is the optical path length (~100 pm)
The DeepSpermScan model was running on the GPU-accelerated computing unit, which
is interfaced with the detection system. The processing time is under 15 milliseconds,
enabling near-real-time decision-making based on each sperm’s fluorescence profile.
Based on the probability threshold (greater than 0.75), the sperm were classified as
having high DNA fragmentation, which flagged them for repair by the nanobot.

Simulation parameters:
e Flow rate: 2.5 uL/min
e Channel Reynolds number: ~0.02 (laminar regime)
e PMT gain: 1.2 x 10°
e DEP voltage: 8 Vpp at 1 MHz for sperm sorting
e Signal-to-noise ratio: >30 dB for fluorescence detection
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In the closed-loop system, ensuring precise activation of nanobots' gene-editing by the
microfluidic detection module, which serves as a critical interface between biological input
and Al-driven repair decisions.

3.5 Reinforcement Learning for Personalization
A Reinforcement Learning (RL) agent is utilized to enable personalized gene-editing
strategies that rely on real-time biological feedback to optimize the dynamic process of
repairing genes. The decisions on CRISPR payload intensity, target sequence precision,
and nanobot activation timing in the RL framework enable the treatment of each sperm
cell in a unique environment, adapted to its cellular characteristics. The state space S
features Sperm morphology, which includes head size, tail motility, and the extent of DNA
damage, and is measured via fluorescence intensity and previous CRISPR-Cas9 efficiency
results. The Configuring nanobot, the action space A, has unique options.
By the Bellman Equation, the Deep Q-Network (DQN) was trained:

Q(s,a) = r+ymax O G (6)

Where:

e Q (s,a) Is the expected cumulative reward for taking action as in state ss

e risthe immediate reward (successful repair and retained motility)

e 1y is the discount factor (set to 0.95)

e s’is the new state after the action a.
The reward function R Was defined as:

R =x. RepairRate + f5.MotilityRetention — 6.0f fTargetRisk -------=-======-=-=- (7)

x= 1.0, =0.8,and § = 0.5

Simulation parameters:

e Training episodes: 10,000

e Batch size: 64

e Replay buffer size: 100,000 transitions

e Learning rate: 0.001

e Exploration: e-greedy policy with e-decay from 1.0 to 0.01
The system continuously learned the ideal repair strategies, which is allowed by the RL
approach for sperm populations with diverse genetic profiles. Minimizing the off-target
effects while maximizing the DNA integrity restoration and post-repair viability. The
treatment precision, surpassing that of static gene-editing methods, is enhanced by the
personalized layer.

3.6 Simulation Parameters and Lab Bench Setup

Establishing a comprehensive simulation with a lab bench framework to validate the
GenoRepair Al system. The Python-based scientific libraries, including TensorFlow,
PyTorch, and SimPy, are used to construct the simulation environment, which is
integrated with CRISPR-Cas9 gene editing kinetics and the microfluidics simulator.

Simulation Parameters:
e Sperm Sample Size per Run: 500 cells
e Image Resolution: 224X224 pixels
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e DNA Fragmentation Threshold: Fluorescence Intensity > 0.6 (normalized scale)

e Nanobot Diameter: 90 + 10 nm

o CRISPR Editing Efficiency (Target): >85%

e Simulation Time per Cycle: 60 minutes (real-time emulation)

e Gene Editing Delay: ~10 seconds per nanobot-cell interaction

e Fluid Velocity in Microchannel: 120-150 um/s

e Reinforcement Learning Training Cycles: 10,000 episodes
The conditions for vivo sperm movement and DNA repair were mimicked by the design of
the lab bench setup. The PDMS (Polydimethylsiloxane) contains nano-scale channels (~25
um width) for sorting sperm to fabricate microfluidic chips, and utilizes the
DeepSpermScan for real-time classification and imaging of sperm with a phase-contrast
microscope at 1000x magnification, connected to an NVIDIA RTX 3090 GPU workstation.
Before and after exposing the CRISPR nanobot, Gene-editing validation was conducted
with a live TUNEL assay. Calculating the DNA Integrity Index (DII) for effective

quantified Fluorescence microscopic DNA repair:
Post—Repair Fragmented DNA Intensity

DIl = 1 — o ———ess-oooeeeenooooe oo ®

Pre—Repair Fragmented DNA Intensity
A DIT> 0.7 was considered a successful repair.

Recommending DeepSpermScan decisions with RL for the setup, including synchronizing
an automated nanobot injector. Combining the physical and virtual testbeds provides
precise validation of effective DNA repair and GenoRepair Al operation for efficiency
before clinical translation.

DNA
Fragmentatlon
Assessment
via Al

CRISPR-Cas & | Fertiity /‘)
Target (\g Outcome o

Mapping Prediction

4. System Architecture and Workflow
(Al Feedback

Sperm
Sample
Collection
Loop)

Lipid Targeted \"’/‘
Nanoparticle Gene Repair & e 3

(LNP) in Sperm RN
Encapsulation

Validation & 45
Functional )
Recovery ‘Sef

Figure 2: System Architecture

4.1 GenoRepair Al Pipeline

To detect and repair real-time sperm DNA fragmentation (SDF), the GenoRepair Al
pipeline shows an end-to-end automated system. Phase-contrast microscopy facilitated
the acquisition and imaging of semen samples, which were integrated with a custom
microfluidic chip. Enabling precise, high-resolution imaging of individual spermatozoa,
the chip facilitates single-cell alignment with hydrodynamic focus. Comprising the
Convolutional Neural Networks (CNN) for extracting local features and Transformers for
capturing global spatial patterns in the hybrid deep learning model, where the Images
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are pre-processed and passed into DeepSpermScan. Binary prediction of DNA
fragmentation is the output of this classification:
Pspr = Softmax (W.F + b) ====-======m===smmssmmocsmoooso oo 9
F'- Extracted feature vector,
Wand b - Learnable parameters.

The Al system triggers the deployment of magnetic lipid nanoparticles (LNPs), which
act as nanobots by detecting DNA fragmentation (.e., Pgpr > 0.5). The CRISPR-Cas9
complexes are encapsulated in pH-responsive lipid shells that are carried by nanobots
with a diameter of ~90 nm. Based on the fragmentation loci, images are synthesized using
Guide RNAs (gRNAs). Through an external electromagnetic field with B=0.02T to the
targeted spermatozoa by these LNPs. Adjusting the payload concentration and targeting
efficiency in gene binding repair was initiated using dynamic reinforcement learning (RL).
The reward function used in RL optimization is:

R =cC.AQpya + B M-=m=mmmmmmmmmmmmmmmm oo (10)
AQpna - Improvement in DNA integrity score (measured via fluorescence intensity),
MM - Post-repair motility, and
a, B - Tuning coefficients.
In the final step, an optical fluorescence detector is used within the same microfluidic
environment to validate using the TUNEL assay. The projected IVF success rates increase
from 65% to over 90% with rapid enabling, classification accuracy, and high-throughput
loop personalized infertility treatment, achieving up to 1,200 cells per hour.

4.2 Interaction Between Al, CRISPR, and Nanobots
Diagnostics using Artificial Intelligence (AI), CRISPR-Cas9 gene editing, and
magnetically guided nanobot delivery are the three core components that facilitate a
highly coordinated interaction with the GenoRepair Al platform. This analysis begins by
examining high-resolution sperm images using a phase-contrast microscope and
microfluidic alignment with DeepSpermScan, a tool that utilizes a CNN-Transformer
hybrid model. At a given spatial location, each cell represents a likelihood score of DNA
fragmentation, where the model's output probability indicates the likelihood of damage to
the matrix—utilizing the reverse mapping algorithms to identify the genomic loci
damaged by this matrix. D € R™™, To minimize off-target effects, the Al system designs
guide RNA (gRNA) sequences for CRISPR-Cas9 complexes using a sequence optimization
algorithm to minimize potential off-target effects.

gRNAy,: = Arg min (A4,.0f fTarget(g) + A;. GCContentPenalty(g)) -----=-====""==""" (11
G -gRNA candidate set, and
A1, A2 - Regularization coefficients.
Magnetic lipid nanobots (80—100 nm in diameter), encapsulating customized gRNA and
Cas9 protein, were injected into the microfluidic system. An external electromagnetic field
with flux density of B = 20mT is used to manipulate these nanobots, assuring precise
targeting of motile sperm. Editing duration, payload concentration, and activation
threshold are the CRISPR parameters that are continuously updated by Reinforcement
Learning (RL). The RL agent utilizes cellular fluorescence feedback for state vectors s sub
, t , end subscript, and selects an action. a, (e.g., increase gRNA exposure) to maximize a
reward.
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Rt =y1-DNARepairScore +y2 - MotilityPreservation — y3 - Of fTargetRisk-------------- (12)
Enabling personalized gene therapy tailored to the unique molecular profile of each sperm
cell reduces off-target simulation rates by 42%, improving editing precision of this real-
time closed-loop system.

4.3 Real-Time Operation and Validation Flow

The GenoRepair Al platform ensures real-time operation, dynamic interaction with and
validation, evaluating sperm diagnostics, CRISPR-Cas9 gene repair, and therapeutic
feedback within milliseconds. The microfluidic chip equipped with hydrodynamic focusing
and dielectric sorting isolates the live sperm cell for initiation. The chips operate within
laminar flow to maintain cell integrity, ensuring a Reynolds number Re < 10. High-
resolution phase-contrast microscopy, operating at 40X magnification and 60 frames per
second, is used to capture images of sperm cells. In DeepSpermScan Al engine, images
are directly streamed and pipelined, enabling real-time DNA fragmentation through
convolutional and self-attention layers. Each frame is converted into features that
represent Ft € RMWX¢ | which undergoes a binary classification for fragmentation
probability P(ft) € [0,1].The Al system initiates the nanobot deployment if P(ft) >
T (threshold = 0.65)

An external electromagnetic guidance system is used to direct the Magnetic lipid
nanoparticles loaded with CRISPR-Cas9 complexes toward the damaged sperm, defined
by:

Fnag =V (M - B)

m - Nanobot magnetic moment and

B - Magnetic field vector.

This outcome is precise targeting within the sperm microenvironment.
Fluorescence-based DNA integrity assays are performed for post-editing validation (e.g.,
TUNEL or SCSA), which emit signal intensities. Iror ¢ (1 = Dprggment), Where Dyrggment
is damaging the index. In subsequent iterations, the treatment parameters are fine-
tuned, where the results are digitized and fed back to the RL module. To enable the high-
throughput processing under 1.5 seconds per sperm cell, with a system latency of the
entire workflow from imaging to repair and validation. This efficient and self-adjusting
flow maximizes DNA repair accuracy while minimizing invasiveness in real-time fertility
therapy, leading to a breakthrough in the development of GenoRepair Al

5. Results and Evaluation

5.1 SDF Detection Accuracy (AT Model Performance Metrics)

The real-time dataset containing 30,000 high-resolution sperm cell images from 500
anonymized semen samples was trained and evaluated using the DeepSpermScan model.
The TUNEL assay is validated, with each image annotated to indicate the status of DNA
fragmentation. Gaussian noise helps to assure robustness against overfitting. Geometric
transformations were augmented and trained on a 70% training set, a 15% validation set,
and a 15% test set, which were partitioned from the dataset. Adam optimizer with
learning rate = le-4, batch size = 32, used to optimize the 6-layer transformer encoder
with ResNet-50 backbone for the CNN, which comprises the hybrid architecture. In the
NVIDIA A100 GPU environment, the training was conducted over 100 epochs. The

RESTITUTION LAW REVIEW 168

https://restitutionlawreview.co.uk MARENEX PRESS



https://restitutionlawreview.co.uk/

Volume 34, No. 1 [2026] RLR ISSN: 1351-170X

confirmation validation accuracy reached 60 epochs with minimal overfitting, achieved
through slower convergence. The model achieved an accuracy of 94.7%, with a precision
of 93.2%, a recall of 92.5%, and an F1l-score of 92.8%, as shown in Table 1. The high
discriminative ability is represented by an ROC-AUC score of 0.96, where false positives
were reduced by 21% compared to the CNN-only baseline, using the Transformer module.

Table 2: Comparative Performance of DeepSpermScan vs. Other Models

Fi1- Fal
Model Accuracy || Precision || Recall Score PositiveseRate ROC-
% % % AU
ICNN (ResNet-500nly) | 883 | 865 | 852 | 8.8 | 112 | 089 |
Transformer Only | 901 || 889 | 873 881 | 9.6 | 0.91 |
DeepS S NN
eepSpermSean (C 94.7 932 || 925 | 92.8 6.1 0.96

+ Transformer)
[MobileNetV2 Baseline | 854 | 837 | 821 | 829 || 134 | 086 |

96 94
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94 N 92

92 90

90 86.5 2 88

88 86

86 37 84

84 82

82 80

80 78

CNN (ResNet-50 Transformer Only DeepSpermScan MobileNetV2
Only) (CNN + Transformer) Baseline
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Figure 3: Comparison of Accuracy (%) and Precision (%) of the Models

5.2 DNA Repair Efficacy (qPCR, Imaging)

Evaluation using quantitative PCR (qPCR), TUNEL fluorescence imaging, and DNA
fragmentation index (DFI) analysis for efficacy of the CRISPR-Cas9-based nanobot gene
repair system. Generated 120 treated sperm from 10 patients in a controlled laboratory
environment with pre- and post-repair measurements. Linking chromatin packaging and
sperm integrity through critical genomic regions like protamine 1 (PRM1) and histone H1
for DNA repair target sites. The post-repair significantly improved by efficient qPCR
amplification. In physiological ranges, the ACt values get normalized. Reduction of 78.4%
average fluorescence intensity using the TUNEL assay indicates substantial repair of
DNA strand breaks. Support for effective fragmentation correction by the average DFI
decreased from 41.2% (pre-treatment) to 9.1% (post-treatment), as shown in Table 2. A
High level of specificity indicated with <1.2% using GUIDE-sequence simulations
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assessed by CRISPR off-target activity. The minimal cytotoxicity was confirmed by post-
repair viability, with 94.5% of cells remaining alive as determined by live-dead staining

and morphological assessments.

Table 3: Pre- and Post-Treatment DNA Repair Performance Metrics

Parameter Pre-Treatment (Mean z||Post-Treatment (Mean =+
SD) SD)
DNA Fragmentation Index (DFI,
41.2 £ 5. d£2.
%) 5.6 9 3
TUNEL Fluorescence Intensity 1830 + 210 396 + 99
(AU)
[qPCR ACt (PRM1 locus) H 7.8+1.2 H 2.1+0.7 |
Sperm Viability (%) H 86.4 + 3.9 H 94.5 + 2.1 |

5.3 IVF Success Rate Projections

Comprising a retrospective dataset of 150 IVF cycles, with elevated sperm DNA
fragmentation index DFI >30%, and from couples experiencing recurrent implantation
failure (RIF), to evaluate the GenoRepair Al platform. The observation focused on the
impact of CRISPR-Cas9-mediated DNA repair on in vitro fertilization (IVF) outcomes.

Simulation Parameters:
e Sample Size: 150 IVF cycles
o Patient Criteria: RIF cases with sperm DFI >30%
e Intervention: CRISPR-Cas9-based DNA repair using nanobot delivery
o Assessment Metrics: Implantation rate, clinical pregnancy rate, live birth rate

Results:
An important improvement in IVF results was revealed in post-intervention analysis:

e Implantation Rate: Raised from 24% to 39.6%

e C(Clinical Pregnancy Rate: Rose from 30% to 49.5%

e Live Birth Rate: Increased from 20% to 37%
These improvements highlight the effectiveness of the GenoRepair AI platform by
enhancing IVF success rates and mitigating the adverse effects of high sperm DNA
fragmentation, as shown in Table 3.

Table 4: Comparative Table

‘Outcome Metric HPre-Treatment (%)HPost-Treatment (%)HAbsolute Increase (%)‘
Implantation Rate [ 24.0 [ 39.6 [ 15.6 |
(Clinical Pregnancy Rate| 30.0 [ 49.5 [ 19.5 |
[Live Birth Rate [ 20.0 [ 37.0 [ 17.0 |

High sperm DNA fragmentation indicates a negative impact on IVF results, as seen in
the existing literature. Above 50% of sperm DNA fragmentation levels lower the live rate
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compared to a reduction in the fragmentation levels. Targeting DNA repair by
GenoRepair Al integration represents a promising avenue for improving IVF success
rates, especially in the case of male-factor infertility associated with high sperm DNA
fragmentation.

5.4 Cost, Time, and Safety Analysis

Safe Assisted Reproductive Technology (ART), which enhances cost-effectiveness and
operational efficiency, underscores the importance of the GenoRepair Al system. The 150
IVF cycles retrospective analysis includes 75 standard cycles and 75 treated with
GenoRepair Al. Also providing the following details:

Cost Efficiency:

e Per-Cycle Cost: The average material cost per GenoRepair Al cycle is approximately
$150, which is less than the standard Al-assisted IVF treatments, reported at $1,500
per cycle.

e Overall Savings: Reducing unnecessary interventions using Al integration leads to an
increase in the success rate of IVF and reduces the total number of cycles required per
successful pregnancy.

Time Efficiency:

e Diagnostic and Repair Time: Compared to the traditional method, which requires 30—
60 minutes for manual assessments, the GenoRepair Al system can diagnose and
repair a sample in under 10 minutes.

e C(Cycle Duration: The overall IVF cycle was reduced by 20% through the streamlined
process, which improved clinical throughput and patient convenience.

Safety Profile:

e Cytotoxicity: Laboratory validation confirmed zero cytotoxicity or mutagenic side
effects, attributed to the biocompatible lipid nanoparticles for CRISPR-Cas9 delivery.

o Off-Target Effects: Off-target rate less than 1.2% minimized by optimizing
Reinforcement learning, which ensures precise and safe DNA repair.

Table 5: Comparative Performance Metrics

Parameter Gencii{Iepalr Standard IVF
Per-Cycle Cost ($) 150 1,500
Diagnostic & Repair Time (minutes) <10 30-60
IVF Success Rate (%) 65 39
Cytotoxicity Observed None Variable
Off-Target Gene Editing Rate (%) <1.2 Higher
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Figure 4: The IVF Success Rate in percentage.

The GenoRepair Al system offers a rapid, cost-effective, and safe alternative to
conventional methods, revolutionizing fertility treatments, according to the study. The
integration of ART with Al can enhance clinical outcomes and alleviate the financial and
emotional burdens on patients.

5.5 User Scalability and Deployment Readiness
Pilot deployed with five fertility clinics, the GenoRepair Al platform seamlessly integrates
with diverse clinical environments, demonstrating its adaptability and efficiency.

Deployment Metrics:

e Concurrent Processing: This platform handles over 20 samples simultaneously to
ensure rapid diagnostics without compromising accuracy, with a performance latency
of less than 3%.

e Adaptability: The Reinforcement learning model facilitates three retraining cycles,
enhancing diagnostic precision by adapting to local population morphological
variations of the specific sperm.

e User Satisfaction: Regarding usability and automation, clinician feedback indicates a
satisfaction rate of approximately 92%, highlighting the system's user-friendly
interface and efficient operation.

Table 6: Comparative Performance Metrics:

Parameter GenoRepair |Standard IVF|Improvement
Al Systems (%)

Concurrent  Sample  Processing| o, e | 510 samples 100-300%

Capacity

[Performance Latency | <% | 10-15% | 70-80%

Adaptation Cycles for Morphology 3 eveles 5 7 eveles 40-60%

Variants Y Y

(Clinician Satisfaction Rate | 92% | 75% | 22.7%
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Figure 5: Clinician Satisfaction Rate of GenoRepair Al vs Standard IVF Systems

6. Discussion

6.1 Clinical Implications and Patient Outcomes

Enhancing clinical practice is possible by integrating CRISPR gene editing, artificial
intelligence (AI), and nanotechnology into treatments for male infertility. Usually, ART
has given inconsistent results when used with antioxidants for men with severe sperm
DNA fragmentation. Using lipid nanoparticles, we can target the necessary CRISPR at
the DNA level to repair damaged DNA. This approach facilitates the design of effective
treatments, the selection of suitable patients, and the enhancement of optimization and
outcome predictions. Effective medicine and assisted reproduction during natural
conception raise the chance of success, which reduces miscarriages and improves the
chances of having healthy embryos. It means patients are exposed to fewer risky
procedures, which reduces anxiety and stress and gives them an individually tailored way
to treat their kidney disease. As a result, the overall health of parents and children
improves due to the implementation of new strategies for infertility management.

6.2 Comparison with Existing Solutions

Current treatments for male infertility caused by DNA damage in sperm involve
antioxidants, special sperm selection, and advanced ART methods. Leveraging
nanotechnology and CRISPR enables the method to focus on repairing sperm-stained
DNA, thereby creating a new approach. At the DNA level, this new system operates
similarly to therapy, rather than relying on chance, as is the case with current therapies.
Aided in identifying sperm health, personalizing treatments, and predicting if a couple
will be able to conceive with additional help from AI. Moreover, this approach requires
less reuse of ART and targets genetic infertility. It appears to offer new hope, providing
effectiveness and satisfaction.

6.3 Potential Risks and Mitigation

The use of CRISPR and nanotechnology in reproductive medicine poses several potential
dangers. Because CRISPR can target locations in the genome that are not intended, there
is concern that this could lead to genetic irregularities. Scientists have not fully
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understood the permanent consequences of CRISPR changes in germ cells. There is a risk
that safely delivering nanoparticles to the target area may pose a threat to the immune
system. Using Al, scientists modify guide RNA so that the system predicts and avoids
making changes to incorrect locations. Children should be protected, and everyone should
stay informed about germline editing. The ethical objections only prohibit using CRISPR
systems on special cells that do not get passed down in inheritance. Overall, the use of
advanced technology, rules, and processes ensures that treatment in clinical trials is
conducted safely.

7. Technical Feasibility and Regulatory Outlook

7.1 Manufacturing Scalability and Lab Integration

Manufacturing scalability, widespread adoption, and seamless integration into fertility
labs are crucial. To ensure consistency, sterility, and efficacy, standardizing the CRISPR
components involves the production of lipid nanoparticles (LNPs). The rapid and cost-
effective scale-up production of CRISPR-loaded LNPs by advances in microfluidics and
lab-on-chip technologies. If automation is employed in nanoparticle preparation and
sperm treatment, minimal disruption is required to integrate it into lab workflows.
Enabling flexible application in ART procedures as adapted for edited sperm through
Cryopreservation protocols. Confirming successful DNA repair by clinical laboratories
equipped with gene editing validation tools, such as PCR and sequencing systems. To
support decision-making, quality assurance, and performance tracking by lab information
systems (LIS) with AI modules. In total, this modular platform design supports future
scalability, commercial viability, and integration with existing laboratory settings.

7.2 Regulatory Classification (FDA/EMA Guidelines)

The Biological Products and Advanced Therapy Medicinal Products (ATMPs) or the
combinations of FDA and US products are the regulatory classifications of this technology.
CRISPR-based interventions involving germline editing are under stringent review due
to ethical and safety concerns. The regulatory pathway will be more flexible if the gene
edits are limited to somatic or non-heritable cells, for example, sperms are not used for
embryo creation. As a novel drug delivery device, the lipid nanoparticle delivery system
was classified when it was proven to be a safe and non-toxic system. Al is involved in
diagnostics or treatment prediction and also regulates Software as a Medical Device
(SaMD), which requires validation for accuracy, explainability, and patient safety. A
multi-phase regulatory strategy, initiated with preclinical trials and followed by clinical
studies under Clinical Trial Applications (CTA) or Investigational New Drug (IND)
applications, is essential to obtain market approval from both the European Medicines
Agency (EMA) and the US Food and Drug Administration (FDA).

7.3 Ethical and Safety Considerations

Applications of gene editing technologies in reproduction are the utmost ethical
consideration. The potential misuse in germline transmission with informed consent for
editing sperm DNA. For this, strict protocols should be followed to ensure that any edits
are limited to therapeutic purposes and do not involve improvements or non-medical
modifications. Intergenerational effects are caused by the transparent process of consent

from patients regarding risks, benefits, and unknowns. Evaluating off-target risks andm
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long-term impacts for the safety of comprehensive in vitro and animal studies in human
Al work in decision support should be explainable and accountable to ensure bias-free
results. Measuring robust data governance and cybersecurity to protect sensitive genetic
and health data, and developing socially responsible frameworks to assess the progress
while safeguarding the ethical boundaries by collaborating with bioethicists and
regulatory authorities.

8 Future Work and Applications

8.1 OncoRepair Al — Cancer Survivor Fertility

The Sperm DNA gets damaged after cancer treatments such as chemotherapy and
radiation, which compromises fertility. CRISPR-Cas systems, delivered with lipid
nanoparticles, are used to identify and repair DNA damage through a specialized module
trained on cancer survivor sperm profiles using OncoRepair Al. The main applications of
mutagenic damage are to restore reproductive potential in male cancer survivors while
preserving genomic integrity. An Al system minimizes off-target risk and precision repair
by integrating patient history, treatment data, and real-time sperm DNA analysis.
Integrating the sperm bank and ART clinics is the solution for groundbreaking post-
cancer fertility restoration. For further validation, offering hope to millions of men facing
sterility issues will be life-saving with transformative advancements in oncofertility care.

8.2 Geriatric Sperm Enhancement

Increasing DNA fragmentation and epigenetic changes associated with advanced paternal
age increase the likelihood of transmitting genetic disorders to offspring. In the future,
the current CRISPR-nano-Al platform will be extended to address age-related sperm
deterioration. Combinations of gene editing with targeted epigenetic reprogramming
enhance chromatin integrity, correct DNA damage, and optimize telomere length, as seen
in Geriatric Sperm Enhancement. Enabling predictive analysis and personalized
treatment strategies from the Al algorithms, which are trained on large datasets of sperm
from older individuals. To target age-associated genomic instability, the lipid nanoparticle
systems are fine-tuned. This approach will help to improve fertility in older men, improve
embryo quality, and reduce risks with advanced paternal age. Ultimately, showcasing the
vital tool for supporting reproductive health in the aging population and improving later-
life parenting.

8.3 Oocyte and Embryo Repair Extensions

The oocytes and early-stage embryos used in this system are designed for sperm DNA
repair using the CRISPR-nano-Al framework. Female reproductive cells are affected by
increasing maternal age, oxidative stress, and DNA fragmentation, for which in vitro
oocyte treatment or embryo rescue protocols have been developed in assisted reproductive
technology (ART) laboratories for implantation. The combination of artificial intelligence
(AD) and CRISPR tools has enabled the identification of mutations and the repair of DNA
strand breaks, thereby enhancing embryo wviability and reducing the incidence of
developmental abnormalities. Strengthen the ethical safeguards by increasing the
complexity of early-stage embryo editing and implementation. This offers comprehensive
fertility solutions for male and female gametes with holistic repair mechanisms. In the
future, this method will be revolutionized by pre-implantation genetic correction, which
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will lead to enhancing the chances of healthy conception with reduced genetically
compromised live birth scenarios.

Conclusion

Finally, to repair sperm DNA fragmentation, a combination framework utilizing CRISPR-
Cas gene editing and artificial intelligence (AI) is proposed to address male infertility at
the genetic level through lipid-based nanocarriers. The methodology used to identify and
repair damaged sperm DNA targets the molecular cause of infertility and is limited to
symptom management by conventional fertility treatments. In the CRISPR system,
enhancing specific gene correction reduces off-target effects, thereby improving diagnostic
accuracy when analyzing sperm DNA integrity. This is achieved by minimizing invasive
and biocompatible delivery using existing fertility platforms with lipid nanoparticles,
which offer clinical scalability and integration. For different genetic defects and gamete
types, the modular system shows forward adaptation. These implications extended
beyond reproductive medicine; utilizing Al and nanotechnology could aid in gene repair
systems. The patients with idiopathic or treatment-resistant infertility need personalized
fertility care to be redefined with this platform for future clinical validations. In the
domains of regenerative medicine, reproductive genetics, oncology, and geriatrics, embryo
genome stabilization plays a crucial role as an essential application.
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