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Abstract 

Modern biological and medical technologies require low-temperature storage of cells, tissues, and 

tissue-engineered constructs to facilitate their transfer and to prolong their usability prior to application. 

Many industries, including biological research, medicine, and agriculture, depends on low-temperature 

preservation to preserve the integrity and viability of cells, tissues, and organs for long periods of time. 

Nanotechnology has had an influence on low-temperature preservation in recent years, providing 

advanced solutions that greatly enhance biological sample storage. Development of metal oxide and 

inorganic metal nanoparticles (MNPs) has drawn interest in several biotechnological and medicinal 

domains, including cryopreservation. The integration of MNPs into reproductive biology protocols 

represents a novel and emerging research area. Although AI has long been used in medicine, the recent 

rise of deep learning is a major factor in the growth of this field. Sperm morphology categorization has 

been automated using deep learning frameworks that focused on different sperm cell components. ROS 

generation is significantly elevated during sperm cryopreservation. Low, medium, and high ROS levels 

in cells cause apoptosis, auto-phagocytosis, and necrosis, respectively. Antioxidants can be added to 

semen extenders to reduce the elevated ROS levels during cryopreservation. 

 

Keywords: antioxidants; artificial intelligence; automated cryopreservation; deep learning; metal oxide 
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INTRODUCTION 

Mammalian sperm cryopreservation is a 

complex process  that is suitable for exploration 

through artificial intelligence, as it depends on 

multiple factors to maintain high-quality semen, 

including the type of cryoprotectants or extenders 

used and the rates at which the sperm cells cooled 

and thawed (1). The need for in vitro preservation 

of human spermatozoa is rising. However, due to 

various environmental stressors, human 

spermatozoa kept in vitro eventually degrade 

irreversibly, usually around an hour after 

ejaculation (2). Fresh semen samples are 

therefore required for most semen exams in the 

andrological laboratory. When they have to be 

preserved for prolonged periods, ranging from a 

few hours to years, then protective measures must 

be taken to prevent spermatozoa from 

prematurely aging, particularly in 

oligoasthenzoospermic or cancer patients. Sperm 

cryopreservation is by far the most used approach 

for this purpose. Human semen cryopreservation 

is essential for medical and research applications 

(3). However, difficulties arise throughout the 

cryopreservation process, including the control of 
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ice inhibition during freezing, rapid heating 

during rewarming, and loading and unloading of 

cryoprotective agents (CPAs).  

Long-term cryostorage of spermatozoa is 

required for assisted reproductive technology 

(ART), in vitro culture of germline cells, 

reproductive biology and biomedical research (4). 

Analogous to the principles and methodologies of 

sperm cryopreservation, certain parts or all the 

seminal plasma is replaced with a formulated 

medium known as an extender, that contains 

protective ingredients to help the sperm survive 

and function for longer in vitro. The use of 

nanomaterials in cryopreservation has surfaced as 

an alternative to tackle these issues at every stage 

due to their unique properties (5).  

Genetics, health, diet, season, stress, and 

semen cryopreservation are some of the factors 

that influence and lower semen quality and 

fertilizing potential. Recent advances in 

nanotechnology support innovative 

developments in sperm manipulation. Biological 

materials may be stored at low temperatures using 

a range of methods, such as vitrification, gradual 

freezing, hypothermia, and freeze-drying 

preservation (6). However, the benefits and 

limitations of each approach dictate its own range 

of applications. Thus, there is no common 

procedure for biobanking human semen (7). 

Optimizing low-temperature preservation is 

crucial to obtaining the highest possible yield and 

uniformity of sperm function. Furthermore, 

unlike the cryopreservation procedure for human 

sperm, current research on nanoparticle storage is 

restricted, and progress in this sector has been 

lagging. Artificial Intelligence (AI) is mostly 

applied to sperm analysis via the use of computer 

vision and deep learning algorithms on pictures 

taken using digital video systems or traditional 

microscopes (8). When AI is programmed with 

thousands or millions of expert-annotated 

samples, it may mimic and, in many situations, 

outperform human diagnostic skills in sperm 

evaluations. 

PRINCIPLES OF SPERM 

CRYOPRESERVATION 

Sperm cryopreservation is a reproductive 

biotechnology, allowing the long-term storage of 

genetic material and supporting ART. Despite its 

pervasive application, the procedure is associated 

with significant limitations due to the cryo-

induced cellular injury that occurs during cooling 

and thawing (9). This mostly affects sperm 

nuclear DNA, motility, and plasma membrane, 

which reduces the ability to fertilize. Sperm cell 

cryopreservation, including by vitrification, is not 

a safe procedure, with cryoinjury know to impair 

many sperm parameters. For example, 

cryopreservation can cause structural disruption 

and metabolic dysfunction in spermatozoa, 

reducing not only fertilization competence but 

also affecting embryo development. Potential 

molecular and cellular alterations affecting sperm 

RNAs and proteins can be identified by 

combining recent developments in omics with 

bioinformatic techniques (10). The existing 

cryopreservation protocols may be improved by 

identifying additional potential indicators of 

sperm resistance to freezing and thawing. 

Mechanisms of cryoinjury and ice formation 

Maintaining sperm cell membrane function 

is crucial to cell survival throughout the cryo 

processes, particularly during the temperature 

drop and thawing to restore to normal 

temperature (11). Cryopreservation efficiency is 

strongly influenced by the freezing rate, because 

rapid cooling from 37 °C to 0 °C generates 

thermal shock. The transition of membrane 

phospholipids from fluid to gel phases is 

facilitate by an initial drop in temperature. The 

subsequent temperature reduction below 0 °C 

stimulates intracellular ice crystal production 

(Fig. 1). As ice crystal formation and growth 

physically damage cellular organelles and 

membranes, it is essential to promote sufficient 

cellular dehydration to minimize intracellular 

water content during cryopreservation. Thus, 

supra-optimal freezing rates stimulate ice crystal 

formation due to inadequate cytoplasmic 

dehydration. In contrast, excessively slow (sub-

optimal) freezing rates are associated with 

osmotic injury resulting from elevated solute 

concentrations in the extracellular medium (12). 

Therefore, osmotic rupture by extra- or intra-

cellular ice production can occur. Additionally, 

the cellular physicochemical and biophysical 

responses are influenced by the cooling 

velocities, which change survivability. Also,  

cryopreservation modifies the metabolism and 

mitochondrial bioenergetic activities of the cell 

(13). Moreover, there have been reports of 

phosphorylation and protein breakdown during 

thawing. The advent of proteomics and 

transcriptomic technologies could 

provide insights into cryoinjury processes.  
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Conventional cryoprotectants and limitations 

Both permeable and non-permeable CPAs is 

are used for sperm freezing. Through their 

lipophilic characteristics, permeable CPAs may 

readily pass through the sperm cell membrane, 

which is linked to higher cell toxicity. Such 

hypertonic conditions during the freezing process 

can trigger osmotic shock in mammalian sperm. 

It is recognized that regulating the osmolarity 

during cryopreservation is of tremendous 

significance (14). The osmolarity, which usually 

varies between 600 and 1000 mOsm/L, is 

increased when permeable cryoprotectants are 

used in the cryopreservation medium. Current 

research is increasingly focused on permeable-

cryoprotectant-free vitrification as an approach to 

preserve sperm potential, including acrosome 

reaction, capacitation ability, and the structural 

stability of both mitochondrial and cytoplasmic 

membranes.  

Cooling rates and the choice of CPAs for use 

in the cryopreservation procedure are the main 

factors that affect optimal sperm survival rates 

(15). Non-permeable CPAs are useful for 

accelerating cellular dehydration because of their 

large molecular weight and inability to pass 

across membranes. Consequently, fastger cooling 

rates might be used. In contrast, permeable CPAs 

are used in conventional slow freezing, which is 

still the most widely used method for freezing 

sperm. Although a significant amount of sperm 

ejaculate are preserved with slow freezing, about 

half of the spermatozoa are lost due to cell lysis, 

caused by the production of ice crystals. After 

thawing, this lowers the quality of the semen. 

Determining the optimal cooling kinetics is 

essential, as improper rates can severely impact 

the morpho-functional viability of sperm (16). 

There are particular, additional risks to sperm 

quality during the administration and elution of 

CPAs. Therefore, many steps in the 

cryopreseration procedure can trigger various 

forms of cellular damage, including thermal 

stress, osmotic imbalance, dehydration, and the 

nucleation of ice crystals both inside and outside 

the cell membrane. 

EMERGING NANOMATERIALS IN 

SPERM CRYOPRESERVATION 

The degree of intracellular ice 

crystallization that takes place during the freezing 

process is the primary determinant of cell survival 

after cryopreservation. Since this procedure 

causes toxicity and cellular damage, ideal 

cryopreservation extenders like permeable 

additive agents, have been developed (17). 

Nevertheless, these substances lead to lipid 

peroxidation (LPO), which negatively impacts 

sperm as they thaw. 

 

 

 

Figure 1. Sperm cell cryoinjury and ice-induced damage. This image shows how sperm cells experience 
oxidative stress, ice crystal formation, and mitochondrial malfunction as a result of coolilng to and 
rewarming from –196 °C. These cryoinjuries cause apoptosis, which eventually lowers the viability, 
motility, and fertilizing potential of sperm. 
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Sperm membranes and cellular organelles 

suffer severe physicochemical damage as a 

consequence of  elevated LPO. When 

cryopreserving reproductive cells, Nanoparticles 

(NPs), i.e., molecules having a diameter of less 

than 100 nm, can be helpful. Without interfering 

with regular biological processes, NPs have been 

shown to improve the integration of diverse 

variables in cellular processes and physiological 

activities (Fig. 2). A recent study reported that, 

human acrosome protein integrity and 

cryopreserved sperm quality were enhanced by 

nano-micelles (18). Metalloid, metallic, and/or 

organic components are often the basis for 

nanoparticles, which may be tailored to suit the 

intended use. High specificity, cellular uptake, 

intracellular release, and the incorporation of 

biocompatibility, biodegradability, and cost-

effectiveness are all considered during the 

nanoparticle design process. 

Metal and metal oxide nanoparticles 

Core materials such as metals and metal 

oxides, have been used to generate nanometric 

colloidal particles. An unique combination of 

magnetic, thermal, and optical behaviours are 

found in inorganic MNPs and this makes them 

preferable to organic NPs and more usable in 

veterinary and biomedical fields (19). In semen 

biology, the co-precipitation method is widely 

used to produce colloidal metal oxide NPs, 

producing homogenous NPs.  

The quality of the semen may decline 

throughout the post-thaw process if fresh 

ejaculate samples include damaged or poor 

quality spermatozoa. As a result, a number of 

methods have been used to carefully select and 

gather viable spermatozoa by removing damaged 

spermatozoa from insemination dosages without 

intrusive procedures prior to cryopreservation. In 

comparison to conventional methods, MNPs can 

improve the selection of sperm cells by rejecting 

dead or damaged cells within an ejaculate (20, 

21).  

Biocompatibility, bioconjugation, and 

magnetism of magnetic Fe3O4 NPs make them 

an option for sperm purification. Fe₃O₄ 

nanoparticles can be functionalized with PNA or 

PSA, which binds to specific sugars on the sperm 

surface, or with anti-ubiquitin antibodies (22). 

This allows for the targeted removal of dead or 

acrosome-reacted spermatozoa. The nano-

purification method is comparable to the 

magnetic-activated cell sorting (MACS) 

technique, a recognized tool in assisted 

reproductive technologies for treating male 

infertility. For instance, spermatozoa for 

improved fertility have been separated using this 

nano-purification technique. 

 

 

 

 

Figure 2. Comparing nanomaterial protection with cryopreservation damage in sperm membranes. It 
illustrates how freezing sperm cells without cryoprotectants causes membrane rupture and oxidative 
damage. On the other hand, during cryopreservation, antioxidant-loaded nanomaterials protect the lipid 
membrane and lessen damage caused by ROS. 
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The antioxidant potential of MNPs might 

significantly prevent the peroxidative injury to 

the sperm plasma membrane (23). Multiple in 

vitro studies highlighted the ZnO nanoparticles in 

sperm preservation. Their application is 

associated with better chromatin stability and 

improved overall sperm quality, antioxidant 

activity in seminal plasma, cell viability, 

acrosome function, and plasma membrane 

integrity (Table 1). One action of ZnO NP on 

sperm is to provide a protective coating around 

the spermatozoa, thereby limiting lipid 

peroxidation at the plasma membrane (24). Metal 

nanoparticles (MNPs) have shown considerable 

potential in the livestock industry, including 

cryopreservation. However, MNP-induced 

reproductive toxicity affects sexual functions in 

adult men, such as low sperm parameters and 

testicular injury. Therefore, further study is 

needed to determine the proper dose and 

functionality of MNPs to ensure repro-safe uses. 

 
Table 1. Applications of metal and metal oxide nanoparticles in sperm cryopreservation across species. 

 

Nanomaterial 
& 
characteristics 

Species Dosage 
Experimental 

context 
Major effects on sperm & 
reproductive physiology 

 
Ref 

Fe3O4 NPs 
(coated with 
lectins or 
annexin V) 

Pigs 
0, 87.5, 175 

μg/mL 
Semen 

purification 

Improved motility and 
viability; structural and 
mitochondrial integrity 

maintained 

(25) 

Fe3O4 NPs 
(coated with 
avidin + DNA 
aptamers) 

Bulls NA 
Semen 

purification 

Quality of both unsorted 
and sex-sorted sperm cells 

were increased. 

(26) 

Fe3O4 NPs 
(coated with 
lectin or 
ubiquitin 
antibodies) 

Bulls 0.1 mg/mL 
Semen 

purification 

Reduced semen volume 
required for effective 

artificial insemination (AI). 

(27) 

Se NPs (1%) + 
Vitamin E 

Rooster 5 μg/mL Cryopreservation 

Improved total motility 
(TM), progressive motility 
(PM), viability, membrane 

integrity; reduced 
LPO/MDA. 

(28) 

Se NPs Bull 1.0 μg/mL Cryopreservation 
Better post-thaw motility 
and structure; decreased 

apoptosis 

(29) 

Se NPs 
(Cysteamine 
coated) 

Sanjabi 
ram 

1 μg/mL Cryopreservation 

Improved motility, viability, 
Plasma Membrane Integrity 
(PMI), SOD; reduced MDA 

and abnormalities. 

(30) 

SeO NPs (~47 
nm) 

Holstein 
bull 

2 μg/mL Cryopreservation 
Increased motility, viability, 
mitochondrial activity, PMI, 
acrosome integrity (ACI). 

(31) 

Se NPs Bucks 0.3 mg/kg Cryopreservation 

Reduced sperm 
abnormality rate and 

mitochondrial 
abnormalities; enhanced 

testis Se content. 

(32) 

Se NPs Ram 
0.5 and 1 
μg/mL 

Storage (4°C) 
Improved motility, viability 
index, acrosome protection, 
and membrane integrity. 

(33) 

CeO2 NPs 
Sarda 
ram 

220 μg/mL Storage (4°C) 
Resulted in higher TM, PM 
while preserving membrane 
integrity. 

(34) 
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Table 1 (continued). Applications of metal and metal oxide nanoparticles in sperm cryopreservation 
across species. 
 

Nanomaterial 
& 
characteristics 

Species Dosage 
Experimental 

context 
Major effects on sperm & 
reproductive physiology 

 
Ref 

CeO2 NPs 
(<30 nm) 

Human 0.1 mg/mL Cryopreservation 

Samples had 
superior  membrane 
integrity, viability, and 
motility parameters; 

reduced DNA damage and 
MDA. 

(35) 

CeO2 NPs 
(~17 nm) 

Buck 
(Capra 
hircus) 

50 μg/mL Cryopreservation 
Increased SOD, CAT, GSH, 

TM, PM, PMI; decreased 
MDA and ROS. 

(36) 

ZnO NPs (30–
50 nm) 

Human 100 μg/mL Cryopreservation 
Reduced DNA damage and 

MDA. 
(37) 

ZnO NPs (~25 
nm) 

Albino 
Wistar 

rat 
1 μg/mL Cryopreservation 

Plasma membrane and 
acrosomal integrity 

preserved 

(38) 

ZnO NPs Goat 1 μg/mL Cryopreservation 
Optimized epididymal 

sperm and plasma quality 

(39) 

ZnO NPs Buffalo 50 μg/mL Cryopreservation 
Improved sperm membrane 

integrity. 
(40) 

Zn NPs (10–
30 nm) 

Turkey 25 μmol/L Storage (4°C) 
Improved sperm motility, 

viability, membrane 
integrity, NO levels. 

(41) 

Mn NPs (40–
60 nm) 

Turkey 25 μmol/L Storage (4°C) 

Upregulated mitochondrial 
membrane potential and 

SOD activity, while 
improving PMI and NO 

levels. 

(42) 

Au NPs (3–15 
nm) 

Buffalo 
bull 

10 μg/mL Cryopreservation 
Reduced apoptosis, MDA, 

H2O2, NO. 
(43) 

Au-Ag-AFT 
NPs 

Human 100 U/mL Cryopreservation 
Improved TM, PM, viability; 

reduced apoptosis, 
superoxide (O2

.-), H2O2. 

(44) 

 

 

Carbon-based nanostructures (graphene, CNTs) 

The ultrahigh thermal conductivity of 

graphene and carbon nanotubes (CNTs) promotes 

consistent heat transfer during freezing and 

thawing. There are fewer intracellular ice crystals 

as a result of a reduction in temperature gradients 

that often contribute to ice crystal formation. For 

instance, in cryomedia graphene oxide (GO) 

nanosheets function as a nano-heater, allowing 

regulated cooling rates and avoiding localized 

freezing damage. The surface oxygen groups of 

graphene oxide could form hydrogen bonds with 

proteins and phospholipids in sperm membranes, 

assisting in the preservation of structural integrity 

at low temperatures (45). When a CNT is 

functionalized with biocompatible coatings (such 

as PEG or chitosan), it forms a protective nano-

layer around the sperm and reduces the level of 

osmotic shock and cryo-induced apoptosis. In the 

meantime, a substantial amount of research 

indicates that there are numerous intracellular 

mechanisms for the toxicity of nanostructured 

materials (NSMs) during in vitro studies. These 

mechanisms include the production of ROS, 

DNA damage, and cytokine induction through 

oxidative stress, endoplasmic reticulum stress, 

and subsequent mitochondrial impairment in 

different tissues. Therefore, it has been well 

established that cytotoxicity, inflammation, and 

increased oxidative stress due to ROS production 

are important considerations for the safety of 

NPs, or NSMs (46). For instance, the cytotoxicity 

of nanohydroxyapatite (NHAPs) may be 

partially due to their generation of cellular 

oxidative stress via ROS and free radicals. 

Nonetheless, a body of research has shown that 

the diverse sizes and shapes of 

nanoparticlessuch as NHAPs, CNTs, 
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grapheneplay a significant role in their 

interactions with a variety of biomolecules, such 

as DNA, cytochrome, mitochondria, and 

haemoglobin. Studies have also shown that 

cytotoxicity of graphene is highly dependent on 

conditions of different trials, including the 

duration of exposure (acute or chronic), dosage, 

cell type, size, administration routes, and methods 

of monitoring cell viability (47). These factors 

can affect cell viability and morphology, 

membrane integrity, ROS biosynthesis, gene and 

protein expression, DNA damage. Higher 

concentrations of graphene (X > 60 ug/mL) have 

been shown to dose-dependently reduce cell 

viability and superoxide dismutase (SOD) levels, 

as well as increase TBARS content and ROS 

production, which in turn caused membrane 

damage and LDH leakage in a variety of cell 

lines. 

ROS scavenging and antioxidant activity 

Oxidative damage, a process that is 

necessary for normal physiological function 

contributes to poor post-thaw semen quality 

following sperm cryopreservation. It leads to 

harmful changes in the spermatozoon, 

particularly affecting the plasma membrane and 

the nucleus (48). Numerous efforts have been 

made in the past to lessen oxidative damage in 

semen, for example, neutralizing ROS using 

plant-based antioxidants or reductants that are 

enzymatic or non-enzymatic. It has shown that 

the metallic oxides of NPs have antioxidant 

qualities that may make them more efficient in 

preventing oxidative stress-induced spermatozoa 

damage. Zinc oxide nanoparticle (ZnO NP) 

supplementation resulted in elevated Cu–Zn SOD 

expression, seminal plasma anti-oxidase activity, 

and semen quality in ram epididymal 

spermatozoa (49). When ZnO NPs were added to 

normozoospermic semen in the cryopreservation 

medium, it resulted in reduced cold shock-related 

sperm injury and sperm function was not affected. 

ZnO NPs were thought to have a protective 

impact on the chromatin of spermatozoa because 

they prevented destabilization of the lipid matrix 

and formed a protective coating on the 

spermatozoa. In a different human study, adding 

CeO2 NPs to semen at a concentration of 0.1 

μg/mL enhanced DNA integrity, membrane 

functioning, progressive and total motility, and 

viability (50).  

Semen can be nano-purified to separate 

healthy, undamaged spermatozoa from moribund 

cells and also for spermatozoa with surface 

modifications. Magnetic-activated cell sorting 

(MACS), which separates living and dead 

spermatozoa, is currently the most efficient 

method for nano-purification of semen. Ferric 

oxide nanoparticles (Fe3O4 NPs/IONPs) have 

been used to separate dead spermatozoa with 

damaged membranes based on their magnetic, 

biocompatible, and bio-functionalization 

properties (51). Meanwhile, iron oxide 

nanoparticles (IONPs) bind to antiubiquitin 

antibodies or other phytolectins interact 

selectively with specific carbohydrate residues 

(glycans) on the sperm surface. 

Reprotoxicity and biocompatibility 

considerations 

Toxicological and biocompatibility of 

metal-based NPs, such as gold (GNPs), silver 

(SNPs), iron oxide (IONPs), cerium oxide (CeO₂ 

NPs), zinc oxide (ZnO NPs), and titanium oxide 

(TiO₂ NPs), have been studied in relation to their 

effects on spermatozoa. ROS, chromatin 

fragmentation, acrosomal disruption, and 

decreased motility have been shown to be 

induced by GNPs and SNPs (52). However, there 

are differences in their cellular internalization, 

indicating variation in sperm membrane 

permeability. IONPs are regarded as 

biocompatible and have no effect on sperm 

motility and acrosomal integrity, except for 

oxidative stress caused by long-term exposure. 

CeO₂ NPs exhibit both pro-oxidant and 

antioxidant action, protecting sperm quality at 

low concentrations while incurring DNA damage 

and decreased fertilization potential at higher 

concentrations. Similarly, ZnO and TiO₂ NPs 

shows concentration-dependent effects: lower 

doses enhance sperm preservation and 

antioxidant capacity, whereas higher 

concentrations affect motility, reduce viability, 

and compromise genomic integrity (53). This 

suggests particle size, surface chemistry, 

concentration, and exposure length affect the 

reproductive toxicity of metal-based NPs.  

CNT induced toxicity in the reproductive 

system appeared from oxidative stress and 

mitochondrial malfunction (54). CNTs may 

disrupt the operation of blood-testis barrier 

(BTB), blood-brain barrier (BBB), and hemato-

testicular barrier (HTB). CNTs could cross these 

barriers and directly affect spermatogenesis, 

neuroendocrine pathways, and reproductive-

related organs. Recent evidence suggests that 

CNTs may attenuate the adverse biological 

effects associated with endocrine disruptors like 
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triclosan and phthalates (55). The current effects 

of CNTs may be due to decreased bioavailability 

of endocrine disruptors. Therefore, further studies 

are required to determine the effects of prenatal 

exposure to single-walled carbon nanotubes 

(SWCNT) and multi-walled carbon nanotubes 

(MWCNT) on progeny development. According 

to graphene research using atomic force 

microscopy to monitor male gamete membrane 

structure, hydrophilic derivatives of this atom-

thick molecule, specifically graphene oxide (0.5, 

1, 5, 10, and 50 mg/mL), can alter reproductive-

related indices in an in vitro system (56). Higher 

concentrations (5, 10, and 50 mg/mL) have a 

toxic effect on boar male gametes, while lower 

concentrations (0.5 and 1 mg/mL) enhanced the 

ability of spermatozoa in an in vitro fertilization 

(IVF) study. Overall, CNTs have improved sperm 

capacitation across all graphene-exposed cell 

densities. 

AI-DRIVEN ASSESSMENT AND 

OPTIMIZATION OF SPERM 

CRYOPRESERVATION 

The application of AI into sperm analysis 

represents an emerging development within this 

area of research. Sperm motility is a factor that 

AI-based Computer-Assisted Sperm Analysis 

(CASA) systems use when assessing male 

fertility potential (57). In recent years ARTs and 

CASA have increasingly used AI and machine 

learning (ML). CASA systems offer greater 

accuracy and consistency by using advanced ML 

algorithms to evaluate motility, morphology, and 

DNA integrity of cells. So, it is effectively 

replacing standard manual semen evaluation, 

which is often subject to human error. 

Additionally, ML models are being trained to 

identify small genetic abnormalities and to do  

DNA integrity analysis, that is essential for 

assessing genetic viability. CASA has greatly 

benefited from the use of traditional machine 

learning techniques particularly in sperm motility 

and morphology analysis (58). Support vector 

machines (SVM), RFs, and k-Nearest Neighbors 

(kNN) are examples of conventional techniques 

that have been successfully used to assess and 

forecast CASA system results. However, these 

conventional ML techniques often require 

considerable feature engineering, a process that 

can be time-consuming and not always readily 

accessible. 

Deep learning and image-based predictive 

modelling 

In CASA, DL offers superior performance 

compared to traditional ML due to its capacity to 

automatically extract complex patterns from 

datasets (images and videos). Convolutional 

neural networks (CNNs) and other advanced 

models are used by DL frameworks to assess and 

categorize sperm pictures, offering a more 

consistent and effective method than human 

evaluation (59). In order to improve the efficacy 

of these systems, VGG16 models have been 

modified for sperm morphology classification 

from massive datasets. A primary strength of 

integrating big data into CASA is its ability to 

strengthen predictive modelling. However, 

despite its potential, big data applications in 

CASA are still at an early stage of development. 

The VISEM-Tracking dataset is an important 

advancement, making it possible to train 

complex models (60).  

Sperm concentration and motility may be 

predicted using artificial neural networks 

(ANNs), particularly multilayer perceptron 

(MLP) networks, based on lifestyle and 

environmental variables collected via surveys. 

Other AI approaches in assessing semen quality 

include SVMs, particle swarm optimization, and 

fuzzy radial basis function neural networks (61). 

Apart from machine learning techniques, hybrid 

methods have also been developed to improve 

the quality of collected data. For example, a 

compact, interpretable network termed 

LSPARCOM was developed by integrating 

SPARCOM with model-based DL via algorithm 

unfolding. It allows super-resolution 

reconstruction from high-emitter-density frames 

without prior optical system parameters (62). 

These can achieve less than 10% inaccuracy in 

morphology measurement and 95.6% accuracy 

in motility using enhancing multi-sperm tracking 

and image processing. A DL algorithm is used by 

the LensHookeVR X12 semen analysis 

equipment to automatically examine sperm 

morphology which may offer a consistent and 

accurate diagnosis of male infertility (63). A high 

and repeatable success rate in terms of pregnancy 

and birth rates, the ability to identify high-quality 

sperm, and a non-invasive and economical 

technique of sperm selection are all necessary for 

ART. Similarly, ML can improve the data that 

doctors have at their disposal to help them choose 

the optimal spermatozoon. The opportunity to 

link sperm quality measurements is provided by 

ML algorithms' capacity to process huge 
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amounts of data (Table 2). High-resolution 

pictures of moving spermatozoa may be obtained 

using an automated magnification switching 

approach or a high-speed off-axis holographic 

technology. 

 

 

 

Automation and IoT integration for sperm 

quality control  

By using graphics processing units (GPUs) 

to integrate big data from many modalities, such 

as sensor and participant data, automation of 

human semen analysis has paved a new path in 

ART quality control (81). 

 

 
 
Table 2. Reproductive prediction of various AI models in sperm analysis. 

 

Study AI model Task/input Dataset  Performance Ref 

Sukhikh, G. T. 
(2021) 

ANN-MLP 
Normal vs 
pathology (semen) 

345 samples Acc: 100% 
(64) 

Liu (2022) 
Deep NN / 
YOLOv3-tiny 

Sperm head 
detection 

Sperm head F1: 0.951 
(65) 

Ghasemian et 
al. (2022) 

CNN Sperm detection 
309 
specimens 

Acc: 94.65% 
(66) 

Barnett-Itzhaki 
et al. (2022) 

Ensemble DL Sperm detection 
2,254 
images 

Acc: 94% 
(67) 

You et al. (2021) 
SVM, CNN, 
LSTM 

Sperm selection 
Sperm 
images 

Acc: 88% 
(68) 

Sato et al., 2022 
YOLOv3 
(CNN) 

Sperm selection 
4,625 
images 

Sen: 88% 
(69) 

Butola et al. 
(2020) 

Feedforward 
DNN 

Sperm 
classification 
(stress) 

Head, tail 
images 

Acc: 85.6% 
(70) 

Cao et al. 
(2024) 

XGBoost, SVM 
Clinical pregnancy 
(surgical sperm) 

420 couples ROC: 0.85 
(71) 

Gunderson  
(2021) 

Gradient 
Boosted 

IVF (Sperm pH) 76 patients AUC: 0.81 
(72) 

Zeadna (2020) 
GBT, RF, 
LogReg 

Sperm prediction 119 patients AUC: 0.807 
(73) 

Mehrjerd et al. 
(2024) 

Bagging, RF 
Sperm quality 
evaluation 

599 couples ROC: 0.79 
(74) 

Javadi et al. 
(2019) 

Deep NN 
Sperm 
assessment 

Head, 
acrosome 

Acc: 77% 
(Head) 

(75) 

Jiang (2023) 
LASSO, 
XGBoost 

Seminal 
plasma/sperm 
characteristics 

19,539 
cycles 

AUC: 0.75 
(76) 

Peng (2023) 
K-means 
(Unsupervised) 

Sperm DNA 
damage  

1,258 
couples 

Odds ratio: 
0.73 

(77) 

Ory (2022) 
Random 
Forest 

Varicocele repair 240 men AUC: 0.72 
(78) 

Hook et al. 
(2021) 

Linear SVM 
Sperm 
ultrastructure 

Sperm head - 
(79) 

Kandel et al. 
(2020) 

Deep CNN (U-
Net) 

Reproductive 
outcomes 

Head, tail - 
(80) 

 
Acc (Accuracy) - percentage of correct predictions. 
F1 (F1 Score) - balancing precision and recall. 
Sen (Sensitivity) - measures true positive rate. 
ROC (Receiver Operating Characteristic) and AUC (Area Under the Curve) - model's ability to 
distinguish between classes (0.5 = random, 1.0 = perfect). 
Odds Ratio - strength of association between predictor and outcome. 
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On the other hand, a manual sperm analysis 

is an infertility inquiry that relies on trained lab 

technicians to provide precise and repeatable 

findings in accordance with WHO standards. To 

reduce differences in results across and within 

laboratories, modern IVF labs use computer-

aided sperm analyzer systems. Agarwal et al. 

compared the manual approach with AIOM 

(automated artificial intelligence optical 

microscopic technology) (82). They discovered 

that quantitative measurements of primary sperm 

parameters were positively correlated with 

AIOM. Over time, advances in AI have made it 

possible to standardize the evaluation of sperm 

morphology. For instance, FERTECH is an 

image-based operating system that complies with 

the stringent WHO standards for sperm analysis. 

When compared to the manual method, it had a 

95% sensitivity in identifying any aberration in 

sperm morphology (83). Abnormal spermatozoa 

were grouped according to their specific 

morphological defects using SVM, decision trees, 

and naïve Bayes algorithms, with achieved 

prediction accuracies of 49%, 40%, and 44%, 

respectively, which exceed classical statistical 

methods (84). Compared to manual analysis, this 

might provide clinicians with more accurate 

understanding of the frequency and severity of 

male infertility. Another research utilizing a two-

stage classification algorithm classified sperm 

using a data set where two out of three experts 

agreed on the classification, resulting in a 

prediction accuracy of 58% (85).  

The management of cryogenic systems has 

changed after IoT-based smart sensors. The 

system ensures optimum nitrogen levels and 

sample safety with continuous monitoring and 

real-time alarms. Cryogenic storage conditions 

(temperature, liquid-nitrogen levels, humidity) 

continuously monitored by IoT-enabled sensors, 

allows automatic detection of environmental 

fluctuations and enables remote oversight. In this 

approach, typical cryobank procedures may 

include machine-vision-based AI algorithms to 

assist standardized pre-freeze assessment to 

enable consistent assessment of sample quality 

prior to storage. Facilities that used this 

technology have been able to increase the interval 

between refills and had less nitrogen shortages.  

This results in cost savings, improved operating 

efficiency with ideal storage conditions. 

Predictive models might help with precise date of 

the next refill, hence reducing downtime and 

maintaining continuous functioning (86). IoT-

based sensors have improved both the efficiency 

and the safety of liquid nitrogen storage systems. 

With fewer human inspections this technology 

reduced nitrogen loss by around 25%. The 

frequency of human inspections was cut by 40% 

using automated alarms and data tracking, it also 

lowered labour expenses and staff 

responsibilities. 

CELLULAR AND MOLECULAR 

PROTECTION MECHANISMS 

Oxidative stress refers to a condition in 

which the generation of oxygen and oxygen-

derived reactive species exceeds the capacity of 

cellular antioxidant defenses, resulting in 

increased rates of cellular damage. Oxidative 

stress damage in spermatozoa occurs when 

uncontrolled ROS generation surpasses 

antioxidant capacity of seminal plasma. Sperm 

naturally produce ROS, however an imbalance 

can harm the sperm and has been linked to male 

infertility. Sperm cells have a strong antioxidant 

defence mechanism against ROS assault, 

protecting cells from free radicals (87). ROS are 

extremely reactive molecules that are derived 

from diatomic O2, H2O, and H2O2. They are 

essentially oxygen-containing molecules that are 

inherently unstable and include byproducts of 

aerobic metabolism like H2O2, the hydroxyl 

radical (OH), and the superoxide anion (O2
.−). 

Freeze-thaw stress induces ROS, which catalyzes 

the peroxidation of membrane lipids. This results 

in the formation of several toxic byproducts, 

including conjugated dienes, malondialdehyde 

(MDA), and lipid hydroperoxides (4-

hydroxynonenal, 4-HNE, and various 2-

alkenals), which have adverse effects on the 

membrane system (88). An error in 

spermiogenesis that results in the discharge of 

spermatozoa from the germinal epithelium with 

abnormally high levels of cytoplasmic retention 

is often linked to an excess of free radical 

production. Because of the high concentration of 

polyunsaturated fatty acids (PUFAs) in their 

plasma membrane and their poor cytoplasmic 

antioxidant capacity, spermatozoa are especially 

vulnerable to oxidative damage via free radicals. 

PUFAs provide the fluidity required for sperm 

movement and membrane fusion processes (such 

as the acrosome reaction and sperm-egg fusion) 

(89). Membrane PUFA peroxidation kicks off a 

chain reaction of lipid peroxidation on the sperm 

surface, impairing sperm-oocyte fusion and 
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causing permanent loss of motility by disrupting 

membrane permeability and fluidity. 

Oxidative stress and antioxidant defence 

systems 

Antioxidants are essential for counteracting 

the excess ROS produced during sperm 

cryopreservation. Vitamin E is a prominent chain-

breaking antioxidant because it can directly 

quench free radicals like peroxyl and alkoxyl 

(ROO•) produced during ferrous ascorbate-

induced LPO (90). Vitamin E addition in 

extenders may reduce ROS throughout the 

cryopreservation and thawing procedures of 

semen (Table 3). Often, around 10 mmol/L is the 

ideal dose for such preventive supplements. By 

reducing oxidative stress, Mn2+ improves sperm 

response. When Ca2+ or Mg2+ ATPase are 

boosted, calcium channel opening is activated 

and the extracellular addition of Mn2+ ions also 

raises the amount of cAMP, stimulating the 

acrosome reaction (91).  

 

 

 

 
 
 
Table 3. Antioxidant efficacy on post-thaw sperm quality. 

 

Antioxidants 
Classification/ 

solubility 
Outcomes 

Reference 

Vitamin C Water soluble 
Increased viability and progressive motility;  

reduces ROS and apoptotic cells. 
(95) 

Vitamin E  Lipid soluble 
Protects against oxidative stress;  improves 
motility and decreases DNA fragmentation. 

(96) 

Zinc (zinc 
sulphate) 

Cofactor 
Significantly reduces freeze-thaw DNA 

damage; preserves mitochondrial integrity and 
capacitation. 

(97) 

L-Carnitine Scavenger 
Increases total antioxidant capacity and 

membrane integrity; improves sperm viability 
and motility. 

(98) 

Melatonin 
Water and lipid 

soluble 

Increases mitochondrial membrane potential 
(MMP) and antioxidant enzyme activity;  

reduces ROS and lipid peroxidation. 

(99) 

Quercetin 
Water and lipid 

soluble 
Reduces DNA fragmentation; improves sperm 

motility recovery rate after thawing. 
(100) 

MitoTEMPO Scavenger 
Mitochondria-targeted: Improves sperm 

vitality, MMP, and antioxidant enzyme activity 
(SOD, CAT, GPx). 

(101) 

Iodixanol Stabilizer 
Expressed levels of protamine and BCL2 

(anti-apoptotic gene); reduces cell death and 
MDA levels. 

(102) 

Catalase 
Enzymatic 
antioxidant 

Reduces apoptotic-like changes and DNA 
damage. 

(103) 

Hypotaurine Water soluble 
Significantly decreases DNA fragmentation in 

cryopreserved samples. 
(104) 

Lactoferrin Iron chelator 
Increases functional plasma membrane 

integrity; reduces free iron concentration. 
(105) 

BHT (butylated 
hydroxytoluene) 

Lipid soluble 
Improves motility and viability;  prevents loss 

of highly unsaturated fatty acids (HUFAs). 
(106) 

Trehalose 
Osmotic 
stabilizer 

Improves cell viability, proliferation, and colony 
recovery; reduces lipid peroxidation. 

(107) 

Glutathione Water soluble 
Increases fertilization rate and motility 

recovery; decreases mitochondrial ROS and 
lipid peroxidation. 

(108) 

Resveratrol 
Water and lipid 

soluble 
Decreases DNA damage and MDA levels; 

increases SOD activity. 
(109) 
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Sperm cells use thiol groups as defence 

mechanisms to combat oxidative damage. Recent 

research indicates that adding antioxidants to 

cryopreservation extenders may improve semen 

parameters by having a cryoprotective impact on 

sperm quality. Excess ROS are neutralized and 

kept from harming cellular structure by 

enzymatic antioxidants. It was recently shown 

that adding gamma-tocopherol to 

cryopreservation medium increased the vitality 

and motility of human sperm after thawing 

compared to alpha-tocopherol (92). The pineal 

gland secretes melatonin, a potent antioxidant. 

Seminal plasma contain melatonin and melatonin 

receptors are on the sperm plasma membrane. 

Adding 0.01 mM melatonin to the freezing 

medium increases sperm motility and viability 

while reducing intracellular ROS and membrane 

malondialdehyde (93). Antioxidant functions 

may be weakened by selenium deficit. Selenium 

supplementation raises plasma GSH-Px 

concentration, having better cellular peroxidase 

control and increased selenium levels. PRDX6, 

an important line of defence which may react with 

H2O2 in spermatozoa at low concentrations. 

During sperm maturation, it modulates redox 

signalling, and plays a fundamental role in 

supporting fertility and protecting mammalian 

spermatozoa from oxidative damage (94). A 

common process in sperm preservation methods 

is diluting semen with extenders, which may 

lower the sample's antioxidant content. Thus, 

antioxidant supplementation during sperm 

cryopreservation, even at low concentrations, is a 

viable method to improve these processes. 

 

Mitochondrial integrity and DNA fragmentation 

control 

Sperm quality is affected by increasing the 

production of mitochondrial ROS and metabolic 

disruption of the mitochondrial electron transport 

chain. Damage to the mitochondrial membrane 

may potentially affect sperm motility (110). In 

fact, a number of studies have shown that ROS 

are the primary cause of DNA damage in sperm 

freezing and thawing, and that caspase-related 

pathways have no relation to DNA damage 

(Figure 3). Cryopreservation increases the 

number of spermatozoa with single-stranded 

DNA fragmentation by 10%, but it has no effect 

on the quantity of double-stranded DNA breaks 

(111). Additionally, improved sperm motility has 

been linked to a better mitochondrial state when 

caffeine was combined with melatonin. Besides 

the ability to inhibit production of reactive 

oxygen species (ROS), resveratrol also causes 

the release of calcium into the cytoplasm of cells 

and promotes the phosphorylation of sperm 

AMP-activated protein kinase (AMPK). 

Specifically, trans-resveratrol improves 

mitochondrial membrane potential, reduces ROS 

production, and protects against ROS-mediated 

membrane lipid peroxidation and DNA damage. 

Despite its antioxidant qualities against oxidative 

damage to lipids, resveratrol did not protect 

sperm motility during cryopreservation (112). 

When GSH, ascorbate, myoinositol, or the 

mitochondria-targeted antioxidant MitoTEMPO 

are supplemented to cryopreservation medium, 

sperm motility and mitochondrial functionality 

increased. Additionally, the antioxidant enzymes 

SOD, CAT, and GSH-peroxidase in spermatozoa 

are potentiated, which reduces the activation of 

oxidative stress markers and lowers the degree of 

DNA fragmentation (113).  

More research is required on other novel 

antioxidants. For instance, several investigations 

using human spermatozoa have shown that the 

nucleophilic thiol penicillamine protects against 

oxidative damage. In normozoospermic donor 

semen samples, penicillamine has been shown to 

protect against oxidative damage caused by 

ionomycin and H2O2. Penicillamine was able to 

lower ROS levels in medium containing 

ionomycin or H2O2, which enhanced the 

preservation of sperm motility, ATP levels, and 

mitochondrial membrane potential (114). Plasma 

membrane integrity, mitochondrial membrane 

potential, and progressive sperm motility can be 

improved by glutamine and cysteine, which can 

also act as strong antioxidants by reducing 

intracellular ROS and sperm DNA damage. 
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Figure 3. Integrity and remodelling of mitochondria during sperm function. A) Illustration of how high 
levels of ROS and reactive nitrogen species damage mitochondrial integrity, resulting in oxidation of 
DNA, proteins, and lipids.  B) Mitochondrial remodelling, where sperm capacitation and functional 
activation are supported by controlled ROS, NO signalling, and cAMP pathways. 

 

Membrane lipid remodelling and protein 

stabilization 

The cryopreservation and thawing of sperm 

is linked to a drop in antioxidant levels and an 

increase in ROS. Cell water volume is greatly 

reduced by both freezing and thawing. During the 

last stages of development, cells lose cytoplasmic 

component that contains antioxidants to mitigate 

ROS and LPO (115). As a result, during 

cryopreservation and thawing, spermatozoa are 

highly susceptible to LPO, which puts 

mechanical stress on the cell membrane. Sperm 

membrane integrity depends on maintaining the 

equilibrium of cholesterol. The protein Niemann-

Pick C2 (NPC2) has the ability to attach itself to 

cholesterol molecules. The NPC2 protein has a 

complicated regulatory function in the integrity of 

sperm membranes (116). NPC2 may influence 

membrane fluidity by facilitating cholesterol 

efflux and its redistribution across membrane 

domains. But its primary function appears to 

mediate the balance of systemic cholesterol. 

Research has shown that the deletion of the NPC2 

protein increases the loss of cholesterol from the 

membranes of mouse sperm (117). Lipid-raft–

associated proteins flotillin-1 and flotillin-2 

contribute to the maintenance of sperm plasma 

membrane stability and fluidity by scaffolding 

specialized cholesterol-rich microdomains (lipid 

rafts). Maintaining the integrity of membranes 

requires the calcium-dependent membrane-

associated protein annexin V (118). By 

selectively binding to phosphatidylserine and 

taking part in the membrane repair process, it 

stabilizes the membrane structure and stops 

internal contents from leaking. Coupling annexin 

V to magnetic beads, apoptotic and dead 

spermatozoa that display externalized 

phosphatidylserine can be selectively removed 

from semen samples. This may enhance the 

quality of sperm used in assisted reproductive 

procedures. So its obvious to develop efficient 

cryomedia and preservation protocols for clinical 

applications. Meanwhile, antioxidants, like 

genistein, could be used to shield sperm DNA 

from oxidative stress throughout 

cryopreservation (119).  Genistein, a phyto-

estrogen obtained from soybeans, protects 

against lipid peroxidation and sperm DNA 

damage (120). It works by inhibiting ROS-

producing enzymes, like xanthine oxidase, 

preventing lipid peroxidation by scavenging 

peroxyl radicals, and increasing the activity of 

antioxidants that are naturally present in 

spermatozoa, such as SOD, glutathione 

peroxidase, and glutathione reducase. Various 

antioxidants, both enzymatic and non-enzymatic, 

have been shown to support DNA integrity and 

sperm function. For example, glutathione 

prevents sperm DNA damage caused by H2O2. 
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CHALLENG ES IN NANOMATERIAL 

STANDARDIZATION AND AI DATASET 

DIVERSITY 

A varied dataset is required to train precise 

models for standardized semen analysis. 

Sonication, which may be done using a cup-type 

sonicator, an ultrasonic bath, or a probe, is the 

preferred technique for dispersing NMs. In 

certain instances, sonication might not be an ideal 

option for SbD (Safety by Design) hazard testing. 

For example, sonication may reduce the length of 

MWCNT, which results in different toxicity 

profiles than those would not exposed (121). 

Dissolution acts as a significant factor in the 

toxicity of certain NMs (for example, release of 

silver or copper), and reducing the dissolution 

capacity of NMs may be regarded as an 

intervention aligned with SbD principles. A 

model may not reliably predict outcomes for 

patients of different ethnicities if it is 

predominantly trained on data from patients of a 

particular ethnicity (122). Similarly, Vitamin E is 

particularly helpful in keeping sperm alive but it 

cannot be blended into Ham's F10 medium to 

maintain human sperm motility and vitality 

during liquid storage and thus fails SbD 

principles (123).  

While NPs improve male fertility, it is 

important to consider the duration of exposure. 

Existing AI models have limitations and pitfalls. 

A diverse and representative dataset is required to 

train precise models for standardized semen 

analysis. Furthermore, biases present in the data 

used to train AI algorithms can undermine 

fairness of IVF treatments (124). Biases can arise 

from historical biases in medical practice, 

unequal representation of various populations in 

training data, or even the methods used to gather 

and annotate data. Studies employing certain AI-

based methods are constrained due to a “black-

box” effect, such that how they arrive at their 

predictions is not clear, which may be a hurdle to 

clinical adoption. When features are well-

defined, these AI models could deliver excellent 

outcomes, but it is mostly dependent on the 

ability of the expert selecting the variables and the 

appropriate data preprocessing. 

 

 

 

FUTURE DIRECTIONS 

Even with advances in extenders, long-term 

preservation of spermatozoa always degrades the 

quality of the sperm and has to be improved. 

Also, the underlying mechanism of damage 

sustained during this treatment is yet unknown, 

which might provide information to enhance the 

preservation effect. Certain metal NPs, (zinc 

oxide, silver and selenium) exhibit antioxidative 

or antibacterial properties that make them 

effective in extenders. However, it is important to 

consider the possible hazards associated with 

these NMs (125). Several in vitro studies 

confirmed metal oxide NPs harm sperm quality 

by inducing excessive ROS generation. The 

survival of human spermatozoa treated with zinc 

oxide NPs for no more than 3 h was reduced and 

so NPs in extenders could vary between liquid 

storage and cryopreservation. Recent studies 

indicate that extracellular vehicles (EVs), 

including exosomes, modulate sperm function 

and enhance sperm preservation. AI technologies 

may be used in the context of IVF to assess 

various and complicated data, including time-

lapse recordings, clinical records, photos from 

embryo monitoring, and omics data from embryo 

culture (126). AI solutions have the ability to 

improve IVF process and increase the likelihood 

of child births. In order to provide patient-

centered care, GPT-4 might be upgraded with 

specialized information about reproductive 

treatments to provide prompt, frequently asked 

questions. This could improve the patient 

understanding and lower anxiety. Future research 

should focus on developing AI models that are 

trained on large, representative, and varied 

datasets in order to overcome bias issues (127). 

AI should be assessed with cross-validation and 

tested on separate datasets for consistent 

performance across different conditions. 

Although AI-assisted IVF may increase success 

rates, follow-up studies are required to evaluate 

the health of infants conceived using these 

techniques. 
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CONCLUSION 

Cryopreservation increases ROS 

production, which compromises the fertilizing 

capacity of sperm. They specifically rely on 

extracellular antioxidant systems found in 

seminal plasma to counteract oxidative reactions. 

However, this plasma is isolated and discarded 

during sperm processing. Antioxidants are 

effective and have been shown to enhance the 

quality of post-thawed semen after 

supplementation. But biological functions of 

many antioxidants and its mechanisms of action 

remain unclear. Research on robotic 

intracytoplasmic sperm injection (ICSI) has 

progressed considerably, with emerging 

technologies allowing automation of the 

procedure and enabling remote ICSI, where 

trained personnel conduct the micromanipulation 

process from a distant location. During ICSI, the 

micromanipulation performed by embryologists, 

including cytoplasmic suction, may affect the 

results. In biotechnology and pharmaceutical 

sectors, IoT-based cryogenic monitoring system 

have opportunities to improve oversight and 

efficiency. These industries also rely on accurate 

cryogenic storage for pharmaceuticals, research 

materials, and biological samples. The system 

supports effective compliance with stringent 

regulatory standards by continuously recording 

data and enabling remote monitoring of storage 

conditions. The next generation of biotechniques 

that may be utilized to enhance animal 

reproduction and address human reproductive 

issues can benefit from the precision, practice, 

and sensitivity that NMs can provide. It is crucial 

to conduct further in vitro tests to evaluate the 

efficacy and safety of these novel approaches, 

that can develop ART and AI in IVF and provide 

patients and medical professionals cutting-edge 

resources to manage the next wave of 

reproductive care. As AI technology advances 

sperm analysis, cryopreservation, and genetic 

screening procedures could become more 

accurate and efficient.  
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