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Abstract

Cryogenic electron microscopy has emerged as a powerfully enabling tool in biomolecular
structure determination at near-atomic resolution, hence driving major advances in biological

and material sciences. On the other hand, energy consumption of the technique and
environmental impact due to foul emissions beg important questions on methodologies. The

paper reports on a laboratory procedure with explicit details focused on cryo-EM. Details include
steps in effective freezing of biological samples with inlaid strategies for enhanced energy

efficiency. In this paper, we optimize conditions at each step in the workflow of cryo-EM-from
preparation to imaging-to minimize all types of foul emissions while offering high-resolution

imaging capability.

Introduction

Cryo-EM is considered one of these quantum leaps in imaging techniques for the observation of
the biological molecule in its very native environment at cryogenic temperatures. In this respect,
rapid freezing in cryo-EM could avoid such artifacts of classical sample preparations that may
introduce structural variations in biomolecules, which are usually brought about by techniques
such as chemical fixation. Its applications have thus been extended to virology, structural
biology, and materials science, where many are eager to learn about complex molecular

structures and their interactions.

Although cryo-EM does provide many benefits, there is no doubt that the practice of it really
includes huge energy consumption and ecological concerns regarding the bad fumes that come
from it, or with its operational processes at large. Since this trend in high-resolution imaging

techniques has started to grow, challenges have to be met through incorporation of eco-friendly
practices within the scientific community.

The aim of this review is to provide an overview of methods employed in the freezing of
biological samples for cryo-EM, at each step highlighting considerations with regard to energy
efficiency and environmental impact. We sought to describe both practical and theoretical

aspects of the cryo-EM methodology in such a way that the progress in the field goes hand in
hand with the commitment to sustainability and responsible research practice.

Background
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Cryo-EM keeps the samples at very low temperatures to preserve the samples so that
high-resolution images can be obtained without the development of artifacts when other

preparation techniques are employed. The trick is in freezing the samples well enough to have
minimum ice crystal formation that could distort structural data from imaging.

The energy requirement for cryo-EM techniques mostly includes:

Cryogenic Cooling: It is difficult to handle the use of liquid nitrogen or helium for managing
sufficient cooling during sample preparation and image acquisition.

Imaging Equipment: These microscopes require considerable power; conventional power
consumption contributes to high energy consumption and waste production.

Data Processing: The high-performance computers used for processing images produced by
cryo-EM also make energy consumption at the facilities using this technology very high.

It means that in order to gain high-quality imaging results without giving a large ecological
footprint, it is balanced by the application of energy-efficient methodologies. Apart from that,
based on the ideas of sustainable research, more holistic approaches in general cryo-EM

practice will be developed while taking preparation, image acquisition strategies into account,
and data analysis.

Cryo-EM Methodology: Cryo-Fixation of Biological Specimens

The following procedure describes the steps that were involved in a typical laboratory to freeze
biological samples for cryo-EM, including specific strategies used in optimizing energy efficiency
and reducing environmental impact. Specific details will include the preparation of materials,
handling of samples, cryogenic freezing, imaging protocols, and data processing in order to

comprehensively describe the workflow of cryo-EM.

1. Material and Equipment Preparation

All materials and equipment should be prepared appropriately before the actual freezing
process is initiated for a hitch-free operation. This will help to avoid any delays in the process,

hence yielding more accurate cryo-EM results.

Materials Needed:

Liquid Nitrogen: Liquid nitrogen is to be acquired and kept in a Dewar flask. This shall be used
in cooling sample grids.
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Cryo-holder: The cryo-holder should be prepared beforehand, compatible with the electron
microscope. In such a way, the transfer of samples can be carried out and observed at

cryogenic temperatures without large temperature fluctuation.

Biological Samples: The biological samples shall be prepared in appropriate solutions or buffers
maintaining cell viability and integrity while freezing. Usual buffers are phosphate-buffered

saline-PBS, or other isotonic solutions minimizing osmotic shock.

Cryo-protectant Solution: The selection of an appropriate cryo-protectant such as
2-Methyl-2,4-pentanediol (MPD) or trehalose will be used for fast freezing of the sample in order

to prevent ice crystal formation. Concentrations are changed according to sample type.

Sample Mounting Grids: Perforated copper grids are the norm and most commonly used in
cryo-EM. Grids must be kept in a clean, dust-free area to avoid possible contamination.

Equipment:

Cryogenic Electron Microscope: Choose a cryo-EM that can achieve desired resolution, with
options for low-dose imaging techniques in order to further protect the samples during

acquisition.

PPE: The required PPE gear should include gloves, goggles, face shields, and insulated lab
coats. This becomes highly critical when dealing with liquid nitrogen and other cryogenic

materials.

Safety can be guaranteed during handling of the cryogenic materials by creating protective
barriers around the freezing area.

Therefore, this preparation of materials and equipment forms the bedrock for any successful
cryo-EM process that directly influences the quality of results obtained.

2. Sample Preparation

Proper sample preparation is important to generate high-quality cryo-EM images. This step is
considered an important phase that should involve cleaning of samples from any contaminants

and must be homogeneously distributed in order to obtain dependable structural data.

Sample Dilution: the sample material should be diluted by a buffer solution; this is primarily for
reduction of viscosity. It promotes fast freezing. The dilution factor for each sample to be used
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shall be indicated, although usually it can vary from 1:5 to 1:20. It reduces thermal mass, hence
increases the cooling rates upon freezing.

Cryoprotectants Administration:

Add the cryo-protectant solution to the biological sample. This prevents the growth of ice
crystals during freezing. The cryo-protectant is very important, and its concentration generally

ranges from 5% to 30%, depending on the type of sample.

This step helps not only in the maintenance of biomolecules structures during the freeze but
also enhances the process of vitrification by lowering the freezing point of the solution, which

allows the formation of amorphous ice instead of harmful ice crystals.

Application to Grids:

Using a pipette or auto-sampler, place a small volume (typically 3-5 µL) of the prepared sample
solution onto the sample grid. Care needs to be taken to make certain there is an adequate

distribution across the grid surface to minimize problems associated with high sample
concentrations.

Sample thickness must be even; if the sample is too thick, there is excessive scattering of
electrons, and images will not carry as much information.

Blotting of Sample: Immediately following the application of the sample onto the grid, excess
fluid is carefully blotted off with filter paper or a blotting device. This must be done within

seconds to achieve the optimal thickness of vitreous ice. Usually, the ideal thickness of ice in
cryo-EM is around 100-200 nm. A thin layer of ice reduces the amount of energy needed to

image it and the chances of damage to the sample while imaging.

3. Cryogenic Freezing

The freezing of the samples is meant to be done as quick as possible to avoid the generation of
destructive ice crystals which distorts the structural integrity of the biological molecules.

Freezing Chamber Preparation: the cryogenic freezing machine needs to be filled with liquid
nitrogen up to the recommended mark level before the freezing process commences. The

temperature at which freezing is to occur should range from -196°C to -200°C to maintain the
vitrification of the samples.

Rapid Freezing by Plunge Freezing:
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Immediately plunge the grid containing the applied sample into the liquid nitrogen. The plunging
should be done within 5-10 seconds after blotting to minimize the time the sample spends at

ambient temperature.

Fast plunging into liquid nitrogen leads to the formation of amorphous ice instead of crystalline
ice, which is very effective in preserving the structural integrity of the biological samples.

Transfer to Cryo-holder: Frozen, the grid is taken out from liquid nitrogen with insulated tongs
and carefully placed into a cryo-holder. This needs to be done within several seconds without

allowing the frozen samples to get warm; otherwise, their quality may be spoiled.

Utilizing green practices: Wherever it is possible, worth a try to make use of a closed-loop
nitrogen system. These can capture and recycle nitrogen gas that emanates from the liquid
nitrogen to help reduce waste and increase sustainability of the facility. Going green with
cryo-EM, one can indeed go a long way by reducing the general footprint in the laboratory.

4. Imaging

Once the samples are frozen and mounted securely onto the cryo-holder, the next step is
imaging with the cryo-electron microscope. It is at this stage where attention to detail can

considerably affect data quality.

Equilibration in the Microscope: Place the cryo-holder into the electron microscope chamber. Let
the samples equilibrate inside the microscope to stabilize at the operating temperature. This is a

very critical step, since any warming of the samples results in crystallization of the ice and
defeats the purpose of doing cryo-EM.

Setting Imaging Parameters:

Adjust the electron source parameters for optimization at low voltage settings without affecting
image quality. Generally, operating at lower voltage offers higher signal-to-noise ratio while

maintaining a low dose of electrons to sensitive biological specimens.

Select the appropriate camera settings-ensure that sensitivity and resolution match for better
imagery. The gain settings shall be varied along with exposure time and frame rate to allow a

trade-off between image clarity and data generation that increase energy use.

Acquisition of Images: Images are recorded using the computer software interfaced with
cryo-EM. Automatic functions reduce the chance of operator error and improve the efficiency in
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data acquisition. During acquisition, there is a low dose technique where acquisition of images is
performed at low electron doses to prevent the destruction of the sample.

Multisession Imaging: A multisession imaging protocol may be considered for large-scale
studies, whereby preliminary results may be used to modify the imaging parameters. This will
enable an iterative approach to optimize the conditions of imaging that can eventually result in

higher quality data with reduced energy consumption.

5. Data Processing and Analysis

After the acquisition step, which is already performed, the data needs to be processed and
analyzed. This is a crucial stage in obtaining meaningful information from the raw data, but at

the same time, it may contribute to energy consumption due to high computational
requirements.

Computational Efficiency: Utilize energy-efficient, optimized software algorithms to process
images. Apply the latest advances in computational techniques, including machine learning
approaches, which accelerate image processing time and reduce the computational load.

Data Organization and Management: Establish a structured approach toward organizing the
image data right from capture. Maintain an effective labeling and archiving process that shall
enable easy retrieval and analyses later without delays in unnecessary data processing, hence

reducing energy use resulting from inefficient data retrieval.

Cloud Computing Options: Cloud computing may be used to distribute the processing load
across renewable energy sources or low-power servers for extensive data analysis. This can
significantly reduce the energy footprint of the data analysis session by leveraging cloud-based

resources.

Recommendations for Archiving: Energy-efficient storage should be employed to reduce energy
use when data are retrieved. This can be done by the use of solid-state drives or high-density
magnetic storage systems that consume less power compared to conventional hard drives.

Results and Discussion

The completion of this extensive cryo-EM freezing and imaging demonstrates a number of
critical overall objectives: the highest quality images with the least energy consumption and foul

emissions possible from conventional cryo-EM methods.

A. Optimized Freezing Method
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Plunge freezing is a common first approach in order to minimize the time of samples at higher
temperatures, which is crucial for the quality of vitreous ice. This approach optimizes not just the
structural integrity of the samples but also the reproducibility of data gained through imaging.

Including cryoprotectants and quick-freezing methods, cryo-EM results in much better image
resolution. This resolution of molecular detail is important for structural biology and material

science if one wants to understand the function.

B. Energy Efficiency

Energy-efficient practices throughout the experimental process offer a great deal of potential in
terms of reducing the overall amount of energy consumption. Preliminary calculations have

shown that any shift towards renewable sources of power can potentially result in the reduction
of energy usage by 40-60%, compared to more traditional nitrogen-based facilities. This not only
cuts facility costs but also decreases the overall environmental impact of the research being

conducted.

This is energy-saving by optimizing the imaging parameters, such as lower doses of electrons
and efficient protocols of imaging. Such a study, if well-planned and executed, can help reach
goals without excessive energy burdens, commonly associated with cryo-EM techniques.

C. Reduced Environmental Impact

The practices followed in this process include limiting nitrogen wastage and making efficient use
of the energy used during imaging, hence contributing to reduced environmental impacts.

Efficient management of nitrogen resources reduces its wastage and is suitable for the lab's
sustainable environment practice.

These practices of process improvement and energy saving when shared together will be
helpful to the community of users of cryo-EM and establish a culture of sustainability coupled

with scientific development.

Conclusion

This therefore makes it clear that the suggested complex and detailed procedural framework of
freezing biological samples in cryogenic electron microscopy incorporates energy efficiency and
sustainable practices into common laboratory procedures. Indeed, it is very feasible that with the
optimization at every step of the procedures, from sample preparation through data processing,
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imaging capability could be enhanced without added environmental impacts attributed to
cryo-EM.

Moreover, continued assessment and refinement of operational methodologies within the
community will further guide collaborative efforts toward not only energy consumption but also

ecological footprints in cryo-EM. Strategies outlined within this paper both recognize the
evolving nature of cryo-EM techniques while recognizing that scientific enterprise needs to be

designed congruently with environmental responsibilities.

Future Directions

Research in the future should move on:

Longitudinal Studies: Analyze the effects these sustainable practices will have on operation
costs and environmental impacts of cryo-EM facilities in the long run.

Broader Collaboration: Build a network between cryo-EM facilities around the world, enabling
them to communicate best practices in the field of sustainability challenges and innovative

solutions.

Technological Advancement: Incentivize next-generation cryo-EM technology development
toward even lower energy requirements while keeping high-resolution imaging intact.

Training and Education: Design a set of training and education programs in the fields of
sustainable practices related to cryo-EM for educating researchers and laboratory staff to instill

such principles in scientific research culture.

Policy Frameworks: Encourage policy formulation that supports energy-efficient technologies
within scientific research fields and will lead to binding into different disciplines.

These efforts will ensure that cryo-EM continues to develop its potential for enabling a better
understanding of a great many scientific phenomena in a responsible and sustainable manner.
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