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Abstract 

Human IVF has made remarkable progress, but optimizing the in vitro environment remains essential 

and crucial for supporting embryo development and improving overall clinical outcomes in assisted 

reproductive technologies (ART). Even with advances in complex culture media, incubator design, and 

laboratory workflows, embryos grown outside the body are still exposed to chemical and physical 

stressors that can significantly affect their developmental potential. In this review, we discuss key 

chemical stressors, including oxidative stress caused by elevated oxygen levels, ammonium 

accumulation from amino acid breakdown, pH instability, volatile organic compounds (VOCs), and 

variability in albumin sources. Physical stressors, such as temperature fluctuations, light exposure, 

mechanical vibration, electrostatic discharge, and electromagnetic fields, also influence embryo 

metabolism, genomic stability, mitochondrial function, and epigenetic programming. Emerging 

technologies, including low-oxygen incubators, recombinant human albumin, real-time environmental 

sensors, microfluidic culture systems, advanced optical platforms, and vibration isolated workstations, 

show promise in reducing these risks. Evidence suggests that interactions between multiple stressors 

may amplify embryotoxic effects, impacting embryo growth and development. Overall, maintaining 

physiological culture conditions and minimizing laboratory-induced stress are crucial for supporting 

embryo development, viability and ensuring the safety and success of ART. 
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INTRODUCTION 

About half a century ago, the journey of assisted 
reproductive technologies (ART) began [1], 
offering a new hope for individuals facing 
challenges in starting a family. Since then, in vitro 
fertilization (IVF) has come a long way, 
significantly boosting success rates globally [2, 3]. 
A key player in this progress has been the 
development of specialized culture media carefully 
designed fluids that aim to mimic the natural 
environment within a woman’s body [4, 5]. 
However, when embryos develop in the lab, it is 
quite different from what happens naturally. In vitro 
embryos can encounter stressors not typically 
present in the womb, such as higher oxygen levels, 
toxic substances like ammonium, temperature 
swings, and exposure to bright light [6–8]. These 
factors can harm an embryo’s chances of survival 
and lower the likelihood of successful implantation. 
That is why fine-tuning the lab environment is so 
crucial; even small improvements can protect these 
developing embryos and increase the chances of 
healthy pregnancies [9, 10]. 
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HOW LITERATURE WAS REVIEWED 

We conducted a thorough review of existing research using PubMed, Scopus, and Embase databases. 

Our search terms included phrases like “embryo culture stress,” “oxygen tension in IVF,” “ammonium 

toxicity embryo,” “IVF lab air quality,” “pH and embryo development,” and “light exposure embryo 

culture.” While we prioritized studies from the last decade, we also looked back further, focusing on 

human clinical trials and studies using mammalian models to understand how chemical and physical 

stressors work and their effects in a clinical setting. Among the chemical stressors, oxidative stress 

remains a major concern, as high oxygen levels in culture can lead to an overproduction of reactive 

oxygen species (ROS), which can damage cells and DNA [11–13]. Ammonium accumulation, which 

often happens from the breakdown of proteins in the culture media, can disrupt an embryo’s metabolism 

and prevents its ability to survive and maintains its vitality for a long period [14, 15]. Additionally, 

unstable pH levels when embryos are handled outside controlled incubators can hinder fertilization and 

the formation of blastocysts [16, 17]. Physical factors, like exposure to visible light, can also interfere 

with embryo development and furthermore providing an edge for oxidative damage [18, 19]. Poor air 

quality in IVF labs, marked by volatile organic compounds and particulate matter, can negatively impact 

an embryo’s potential and pregnancy outcomes [20, 21]. Even minor temperature fluctuations away 

from the ideal 37°C can slow down cell division and increase the rate of embryo arrest [22, 23]. Often, 

these stressors do not act alone; for instance, light exposure can boost ROS production, and poor air 

quality can add more oxidants [24, 25]. Several studies point to the benefits of antioxidants and agents 

that balance redox processes, such as glutathione, in reducing oxidative damage and improving results 

during in vitro maturation of an immature gamete and their subsequent embryo development [26, 27]. 

Overall, these findings highlight the critical need for strict quality control in IVF labs, including 

maintaining low oxygen levels, stable pH, minimal light exposure, and the right temperature to better 

mimic the natural environment and support embryo survival, ultimately leading to improved clinical 

outcomes and safety in assisted reproductive technologies. 

 

CHEMICAL STRESSORS IN EMBRYO CULTURE 

Oxygen Levels 

Embryos typically develop in low-oxygen (2–8%) conditions inside the female reproductive tract, 

whereas standard incubators often use atmospheric oxygen (~20%), which can increase oxidative stress 

and DNA damage [28, 29]. Research has shown that culturing embryos at these lower oxygen levels 

improves the rates of blastocyst formation, reduces cell death (apoptosis), and leads to more live births 

[30–32]. A review of 35 studies found that using a 5% oxygen environment improved clinical pregnancy 

rates by 15% compared to using atmospheric oxygen [33]. 

 

Interestingly, male, and female embryos might react differently to oxidative stress, with female 

embryos appearing to be more vulnerable [34]. Recent progress includes the use of culture dishes that 

allow oxygen to pass through more easily and real-time oxygen monitoring to better match the body’s 

natural levels [35]. 

 

Ammonium Buildup 

The breakdown of amino acids, especially glutamine, can lead to ammonium building up in the 

culture media, which can disrupt the pH and be toxic to embryos [36, 37]. Using more stable dipeptides, 

like alanyl-glutamine, can reduce ammonium production, leading to better embryo appearance and cell 

division rates [38]. Studies have shown that ammonium combined with high oxygen can have a worse 

effect, increasing DNA damage and problems with the mitochondria [39]. 

 

Ammonium toxicity has also been linked to changes in the epigenetic markers of early embryos, 

which could potentially affect the long-term health of offspring [40]. Newer studies looking at the 

present molecules (metabolomics) are making it possible to monitor ammonium levels in real time, 

allowing for media changes before levels become harmful [41]. 
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Volatile Organic Compounds (VOCs) 
VOCs released from plastic wares which are used in and around the IVF lab, lab cleaners, adhesives, 

and even perfumes which staff use during the procedure can contribute to air pollution inside IVF labs 
[42]. Research indicates that even small amounts of VOCs can reduce blastocyst development and 
increase embryo fragmentation [43, 44]. One study that compared IVF outcomes before and after 
installing activated carbon filters showed a significant improvement in implantation and live birth rates 
[45]. 
 

IVF clinics in cities might face even greater challenges with VOCs due to outdoor air pollution, 
making strict air quality control measures, including VOC sensors and cleanroom standards, essential 
[46, 47]. The ISO 14644–1 classification for cleanrooms is being increasingly adopted by IVF 
laboratories to maintain low levels of both particles and VOCs [48]. 
 
Albumin Source and Stability 

Human serum albumin (HSA) which is crucial and is used in culture media can vary from every 
single batch and can carry a risk of containing unwanted substances like endotoxins and hormones [49]. 
Recombinant human albumin (rHA) is emerging as a safer, more consistent alternative, and it has been 
linked to better rates of embryo cell division and fewer instances of development stopping [50]. Studies, 
including meta-analyses, support the benefits of rHSA in ART [51]. Regulatory agencies in Europe and 
North America are now recommending the use of rHA when possible [52]. 
 

Research has also connected the source of albumin to how embryos transport lipids, which can affect 
the flexibility of their membranes and the integrity of the zona pellucida [53]. Quality control tests, 
including checks for endotoxins and peroxides, are vital to ensure safety and effectiveness [54]. 
 
PHYSICAL STRESSORS IN EMBRYO CULTURE 
Temperature Fluctuations 

Mammalian embryos are very sensitive to temperature, and even brief changes away from the body’s 
37°C can harm the structures that organize chromosomes (spindle integrity) and lead to chromosome 
misalignment [55, 56]. Clinical studies confirm that exposing embryos to room temperature during 
procedures, like ICSI or embryo transfer, can negatively affect the rates of blastocyst formation [57]. 
Maintaining a stable temperature during any handling is essential, and modern warming devices can 
provide a precision of ±0.2°C [58]. 
 

Real-time temperature mapping of embryology workstations has shown that even small differences 
between the temperature of the dish surface and the incubator settings can affect when cell division 
occurs [59]. New temperature monitors that use infrared technology are now being used to check the 
actual temperature of the media inside the dishes [60]. 
 
pH Instability 

The pH of culture media is carefully controlled at 7.2–7.4 using bicarbonate buffering in a 5–6% CO₂ 
environment. Changes in pH can alter how enzymes work and affect the transport of ions, which can 
harm embryo development [61]. When embryos are handled outside the incubator, they are exposed to 
the much lower CO₂ level of the room air (0.04%), which can cause a rapid increase in pH, especially 
in small droplets of culture media [62]. The time embryos spend outside the incubator should be kept 
to a minimum, and oil overlays can be used to help stabilize the pH [63]. 
 

Newer incubators with closed systems and built-in time-lapse imaging significantly reduce pH 
fluctuations by avoiding the need to open the door repeatedly [64]. Continuous pH sensors are being 
developed to be used within microfluidic systems for embryo culture [65]. 
 

Light Exposure 

Exposure to visible and UV light during microscopy or handling can cause the formation of reactive 

oxygen species (ROS) in embryos [66]. Studies have shown increased cell death and a lower number 
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of cells in blastocysts exposed to standard lab lighting [67]. Using filtered red or green LED lights is 

recommended to reduce damage caused by light [68]. 

 
The risk of light-induced damage is particularly high with time-lapse imaging systems that use blue 

light frequencies, leading to the development of optics that are safer for embryos [69]. Laminar flow 
hoods that are shielded from light and automated platforms for handling embryos in low light are 
becoming standard in advanced IVF centers [70]. 
 
Mechanical Vibration and Airflow 

Mechanical vibrations from centrifuges, HVAC systems, or nearby heavy equipment can disrupt how 
cells connect and impair compaction [71]. Turbulent airflow which comes from open-front hoods or 
when the door of the incubator is opened might cause stress on the outer layer of the embryo which is 
zona pellucida and the inner cell mass [72]. 
 

Studies indicate that using platforms that isolate from vibration and laminar flow systems with 
airflow less than 0.3 m/s can help maintain higher rates of blastocyst formation [73]. Additionally, 
looking at how lab work is done has revealed that repeatedly moving dishes and lab traffic can 
contribute to tiny vibrations that affect embryo development [74]. 
 

Introducing lab furniture that reduces vibration, materials that dampen noise, and incubator alarms 
that sense motion can help lessen these risks [75]. 
 
STATIC ELECTRICITY AND ELECTROMAGNETIC FIELDS 

Static Discharge (Electrostatic Fields) 
The buildup of static electricity – common in labs with low humidity or when wearing synthetic 

materials – can discharge onto lab plastics or near microscopes. These electrostatic discharges (ESDs) 
might not be visible, but they have been shown to cause damage to the membranes of gametes and 
embryos or affect the flow of ions [76]. Petri dishes, especially those made of polystyrene, can 
accumulate a surface charge and transfer static to gametes during micromanipulation [77]. 
 

Embryologists are encouraged to use anti-static mats, wrist straps, ionizing bars, and to control 
humidity (keeping it above 40%) to prevent static buildup [78]. Packaging for plastics that shields 
against static is also recommended. The Association for the Advancement of Medical Instrumentation 
(AAMI) has proposed safety limits for static in IVF cleanrooms [79]. 
 
Electromagnetic Radiation (EMR) 

While high-frequency EMR, like X-rays, is known to cause mutations, low-frequency 
electromagnetic fields (ELF-EMFs) from lab equipment (e.g., incubators, monitors, power cables) 
might also pose risks. Studies suggest that exposure to ELF-EMFs (above 1 µT) during in vitro culture 
could interfere with calcium ion channels, affecting cell division and compaction [80, 81]. 
 

Lab audits have found areas with higher EMFs around older incubators and under equipment on 
benchtops. Guidelines now suggest measuring the ambient EM fields and keeping embryos away from 
motors, transformers, and old fluorescent light fixtures [82]. Placing incubators in shielded areas and 
using Faraday cage principles are being implemented in some high-end embryology labs [83]. 
 
DISCUSSION 

The delicate balance of the lab environment profoundly influences how human embryos develop and 
their ultimate potential. As we have seen, even seemingly minor differences from the body’s natural 
conditions, whether chemical or physical, can act as significant stressors, often working together to 
harm an embryo’s chances [24]. 
 

Getting the oxygen levels right, aiming for the lower oxygen conditions of the reproductive tract, 

clearly helps by reducing stress from oxidation and boosting developmental potential [30]. However, 
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the way oxygen interacts with other factors, like the buildup of ammonium from the breakdown of 

amino acids, highlights the need to think about culture media design and management as a whole [39]. 

The buildup of ammonium, made worse by high oxygen, not only directly affects how an embryo 

functions but might also have long-term effects on the health of any resulting offspring through 

epigenetic changes (Table 1) [40]. 

 

Table 1. Embryo Culture stressors, effects, and mitigation strategies. 

Category Stressor Negative effects 

on embryo 

Mitigation 

strategies 

Reference 

section 

Key authors 

(year) 

Chemical High Oxygen 

Levels 

Increased 

oxidative stress, 

DNA damage, 

reduced blastocyst 

formation, 

increased 

apoptosis 

Low oxygen 

tension (2–8%), 

oxygen-permeable 

dishes, real-time 

monitoring 

Oxygen Levels Lee (2005), 

Takahashi (1997), 

Rodriguez-

Wallberg (2010), 

Zhu (2010), 

Zheng (2015), Ma 

(2019), Wang 

(2013), Park 

(2020). 

Ammonium 

Buildup 

Disrupted pH, 

embryo toxicity, 

altered epigenetic 

marks, 

mitochondrial 

dysfunction 

Stabilized 

dipeptides (e.g., 

alanyl-glutamine), 

real-time 

monitoring, media 

renewal 

Ammonium 

Buildup 

Nguyen (2003), 

Ryu (2004), 

Johnson (2006), 

Thompson & 

Lane (2012), 

Chen (2015), 

Lyons & Peluso 

(2017). 

Volatile Organic 

Compounds 

Reduced blastocyst 

development, 

increased embryo 

fragmentation 

Activated carbon 

filtration, VOC 

sensors, cleanroom 

standards (ISO 

14644) 

Volatile Organic 

Compounds 

(VOCs) 

de Mouzon 

(2012), Healy 

(2015), De Geyter 

(2010), Callens 

(2016), Rebello 

(2018), Morales 

(2014). 

Albumin Source 

Instability 

Risk of 

contaminants, 

variability 

affecting lipid 

transport and zona 

pellucida integrity 

Recombinant 

human albumin 

(rHA), quality 

control assays 

(endotoxin, 

peroxide testing) 

Albumin Source 

and Stability 

Gaglani (2013), 

Tang (2016), 

Mostafa (2019), 

Wang (2018), 

Hwang (2011), 

Dumoulin (2006). 

Physical Temperature 

Fluctuations 

Compromised 

spindle integrity, 

chromosome 

misalignment, 

reduced blastocyst 

formation 

Thermal stability 

during 

manipulation, 

modern warming 

stages, infrared 

temperature 

monitors 

Temperature 

Fluctuations 

Pickering (1990), 

Wang (2001), 

Almeida & 

Bolton (1995), 

Smith (2014), 

VerMilyea 

(2016), Tang 

(2019). 

pH Instability Altered enzyme 

activity, impaired 

ion transport, 

reduced 

fertilization and 

blastocyst 

formation 

Minimize time 

outside incubator, 

oil overlays, closed 

system incubators, 

continuous pH 

sensors (under 

development) 

pH Instability Lane & Gardner 

(2001), Swain 

(2010, 2011), 

Meseguer (2012), 

Zhou (2017). 

Light Exposure Increased ROS 

formation, 

increased 

apoptosis, reduced 

cell number in 

blastocysts 

Filtered red/green 

LED lights, 

embryo-safe optics, 

shielded hoods, 

automated low-light 

handling platforms 

Light Exposure Takenaka (2007), 

Ottosen (2006), 

Lane et al. (2002), 

Kovačič (2018), 

Krisher (2020). 
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Mechanical 

Vibration 

Disrupted cell 

junctions, impaired 

compaction 

Vibration-isolated 

platforms, laminar 

flow systems, anti-

vibration lab 

furniture 

Mechanical 

Vibration and 

Airflow 

Swain & Smith 

(2011), Biggers & 

Racowsky (2002), 

Heitmann (2013), 

Maggiulli (2018), 

Reed (2020). 

Airflow 

Turbulence 

Potential shear 

stress to zona 

pellucida and inner 

cell mass 

Laminar flow 

systems with low 

airflow 

Mechanical 

Vibration and 

Airflow 

Biggers & 

Racowsky (2002). 

Electrostatic/EM Static Electricity Membrane 

disruption, ion flux 

Anti-static mats, 

wrist straps, 

ionizing bars, 

humidity control, 

static shielding 

packaging 

Static Discharge 

(Electrostatic 

Fields) 

Morbeck (2014), 

Sifer (2009), 

Swain (2015). 

Electromagnetic 

Fields 

Interference with 

calcium ion 

channels, affecting 

cleavage and 

compaction 

Measuring ambient 

EM fields, keeping 

embryos away from 

EMF sources, 

shielded incubator 

placement 

Electromagnetic 

Radiation (EMR) 

de Iuliis (2009), 

Khaki (2016), 

Fleming (2018), 

Macklon (2020). 

 

Beyond just the culture media, the lab itself can introduce many potential stressors. Volatile organic 

compounds, often not given much thought, can really impact how embryos develop, making good air 

quality control essential [43]. Similarly, the source and quality of key components, like albumin, need 

careful attention to avoid introducing harmful substances or inconsistencies [49]. 

 

Physical stressors, which might be more obvious, are just as important. Even small temperature 

changes can mess with basic cell processes [55]. Keeping a stable pH, especially when handling 

embryos outside the controlled environment of an incubator, is crucial for their survival [62]. 

Furthermore, things we might not always see, like exposure to light [66], mechanical vibrations [63], 

and even static electricity [76], can all add to the stress on developing embryos. The increasing use of 

time-lapse imaging, while very helpful, also brings the risk of light damage, so we need to be careful 

about the types of light used and how long embryos are exposed [69]. 

 

The combined effect of these chemical and physical stressors goes beyond just the early stages of 

development. They can change how genes are expressed [84], affect how the mitochondria work [85], 

and even alter the epigenetic makeup of the embryo, potentially impacting whether it implants 

successfully and the long-term health of any resulting child [86]. 

 

The future of embryo culture will likely involve a more tailored and personalized approach. By 

continuously monitoring many aspects of the culture environment and using advanced tools, like AI, to 

analyze images and data, we might be able to adjust conditions to meet the specific needs of each 

embryo [87]. This “precision embryology” aims to reduce exposure to harmful stressors and maximize 

the chances of healthy development. However, we still need more research, especially studies that 

follow the health of children born from embryos cultured under different conditions, to fully understand 

the long-term consequences of our lab practices. 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

Making the in vitro environment as good as it can be for human embryo culture is a complex task 

that requires a deep understanding of the various chemical and physical stressors that can affect how 

embryos develop. As this review has shown, keeping conditions as close as possible to what embryos 

experience naturally in the body is vital for maximizing their survival and the chances of a successful 

pregnancy. This includes using incubators with low oxygen levels, carefully controlling the ingredients 
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of the culture media to minimize harmful byproducts, like ammonium, and implementing strict quality 

control to limit exposure to VOCs and ensure the consistency of essential components like albumin. 

 

Furthermore, paying close attention to physical factors, such as stable temperature and pH, 
minimizing light exposure, and reducing mechanical stress and electromagnetic fields, is essential. The 

introduction of technologies, like time-lapse imaging and sophisticated environmental monitoring, 
provides opportunities to better understand what optimal culture conditions are and potentially tailor 

these conditions to individual embryos. 
 

Looking ahead, there are several critical and crucial areas for future research and development. We 
need long-term studies to fully understand how specific in vitro culture conditions might affect the 

health and development of embryo in vitro. 
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