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Abstract: The bioinformation metaverse proposed in this paper is founded on bioinformatics, 

which takes the big data of biology to collect, filter, display the visual, calculate, merge, 

simulate, and optimize the big biology problem during the analysis process with the application 

of high-end information-processing technologies to solve the high-dimension, high-complexity 

problem for the bioinformation metaverse field. It can realize multi-scale traversal from atomic 

layers and molecules to proteins and complete biological systems. They are important for 

bioinformation metaverse construction and development. Multi-source data fusion and 

analytics methods are important in efficiently interpreting high-dimensional and high-

complexity biological systems from atomic layers to molecules. In this paper, the application 

of the metaverse in six aspects (molecular manipulation, biological perception, protein 

structure study, decentralized technology, interactive simulation, and visualization) is analyzed 

further, highlighting the significance of the bioinformation metaverse for bioinformatics 

research and development. The multi-layered and closely connected biological information 

system can be built up to make life-science study and technology research more efficient. 

Keywords: bioinformation metaverse; molecular manipulation; protein structure analysis; 

biological perception 

1. Introduction 

The metaverse of bioinformatics is defined as the next generation of virtual 

environments that reflect and integrate biological data at multiple scales, including 

atomic, molecular, protein, cellular, and organismal levels. It enables real-time 

interaction, simulation, and visualization through immersive technologies such as 

virtual reality (VR), augmented reality (AR), and biosensing interfaces. Key features 

of the concept include multi-scale biodata fusion, interdisciplinary interoperability, 

and dynamic virtual-physical feedback mechanisms. 

Unlike traditional paradigms such as digital twins, which primarily focus on 

creating virtual copies of physical systems with real-time data synchronization, the 

metaverse of biological information goes beyond passive replication. It combines 

interactive simulations, gamified problem-solving environments, and crowdsourced 

collaboration to allow observation, intervention, hypothesis testing, and educational 

exploration in a fully immersive space. In addition, it integrates technologies such as 
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blockchain for data integrity and privacy and AI for intelligent data mining and pattern 

recognition. 

In the era of the big explosion of biological information, computer technology, 

biological conceptual principles, and high-precision sensors are integrated to help data 

be presented, analyzed, modified, and predicted to realize the construction of a 

biological information metaverse. To this end, based on the key areas of 

bioinformation metaverse molecular manipulation, biosensors, protein structure, 

decentralization, interactive simulation, and data visualization, the author elaborated 

on the powerful advantages of bioinformation metaverse. 

Molecular manipulation: The current literature focuses on genome editing and 

gene therapy [1] for molecular manipulation, focusing on precise genome repair and 

disease treatment [2]. Based on the biological information metaverse discussion, this 

paper proposes a molecular virtual editing environment. It uses virtual reality 

technology for molecular editing, providing a molecular virtual editing environment 

for researchers to edit, observe, and test molecules in this environment. 

Biological perception: Previous studies on biological perception have mainly 

focused on physiology, neurology, and psychology [3], but a working platform could 

not integrate the above information [4]. Different from other research work in this 

field, this paper combines biosensing technologies such as MojoLens, EEG head ring, 

EMG armband, etc., with the metaverse to form a multi-level virtual biosensing 

platform, which provides more extensive possibilities for bioinformatics research and 

bioinformatics experiments. 

Protein structure analysis: Current research on protein structure prediction mainly 

focuses on methods and technologies for protein structure prediction [5], and few 

generative artificial intelligence technologies for protein design and prediction have 

been applied to the bioinformation metaverse [6]. This paper proposes a freer and more 

intuitive method for protein prediction based on the visualization and intelligence 

characteristics of the bioinformation metaverse, which provides a new idea for 

research on protein prediction. 

Decentralized technology: Currently, research on decentralized technology 

focuses on blockchain technology [7] and decentralized applications [8], and less 

attention is paid to its combination with bioinformatics applications. In this paper, we 

propose to start with decentralized technology and use blockchain technology to 

protect the privacy of biological data and ensure data transparency, supporting an open 

and secure platform. 

Interactive simulation: Most current interactive simulations involve gamification 

learning [9] and simulation training [10], and there is no biological research on 

gamification. This paper proposes an interactive simulation element to realize the 

educational research of metaverse + gamification and the knowledge transfer and skill 

cultivation of gamification of metaverse + research in the metaverse of biological 

information. 

Visualization: Although some scholars have studied the visualization tools of 

biological information [11], biological information visualization in the metaverse has 

just started. In this paper, VR (virtual reality) technology is combined to provide a 

more immersive and intuitive biological information visualization method, which is 

convenient for researchers to interpret and analyze data. 
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2. Interaction 

2.1. Molecular manipulation 

In the metaverse virtual field, molecular spectroscopy technology is applied to 

generate the virtual scene in the metaverse of molecular structure, simulate the 

intermolecular forces such as van der Waals forces, and analyze the intermolecular 

interactions in different states and the changes of the interactions [12]. In the 

bioinformation metaverse, in addition to the above methods, high-precision sensors 

are also implanted in the molecules to build a molecular network composed of sensors 

to capture, collect, and integrate the state of molecules while transferring dynamic 

information such as molecular vibration to the virtual field to achieve the effect of 

synchronizing the real molecular state with the virtual field. In addition, in terms of 

three-dimensional reconstruction of molecular structure, compared with traditional 

manual construction, SFM (Structure from Motion) [13] can grasp molecular structure 

through movement. With a high-precision molecular microscope or camera, molecular 

images can be taken from multiple directions and analyzed for accurate molecular 

model reconstruction. Combined with the molecular visualization [14] technology 

processed by computer technology, the efficiency of molecular modeling is improved. 

The real molecules in MioT (Molecular Internet of Things) can be mapped into 

two worlds: the virtual molecules in the bioinformation metaverse and the physical 

molecular model of the real world. 

Molecular structures in the real world are represented in virtual reality, i.e., 

virtual molecules. The virtual molecule is the digitization of molecular structure. This 

step uses structural, physical, and chemical data to model molecular structure for 

molecular virtual reality and explore molecular structure function through virtual 

reality (VR) or augmented reality (AR) technology. Virtual molecules in the metaverse 

can be simulated and calculated through molecular dynamics simulation tools [15]; 

that is, the process of drug interaction or chemical reaction with the target is 

dynamically simulated with the molecular structure as the medium, which provides a 

visual and intuitive scientific observation window for research and development to 

accelerate biomedical work such as drug design and toxicology research. 

The physical molecular model presents the molecular model more intuitively, and 

the 3D printing technology is used to solidify the physical, virtual three-dimensional 

molecular model [16] and truly present the specific arrangement of molecules and 

atoms and the composition of molecular chemical bonds so that the abstract molecular 

knowledge is more solid and interactive. Such molecular models are also suitable for 

educational AIDS and scientific experiences for students and audiences. In addition, 

scanning tunneling microscopes (STMs) [17] and atomic force microscopes (AFMs) 

[18] are used to scan molecular atoms accurately, obtain the arrangement of atoms and 

the form of chemical bonds inside the molecules, and further precise them into 3D 

printing models so that the molecular model not only presents a static molecular state 

but also presents a static molecular state. It can also carry out structural interaction 

changes of other processes, such as chemical reactions, so that users can get a complete 

and deep sense of interaction and a more in-depth and intuitive understanding of the 

structure and efficacy of molecules. 
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Figure 1 is a visualization of drug-protein binding molecules [19]; MINT’s VR 

interface embraces a range of visualization techniques to improve the understanding 

of a 3D environment, e.g., the binding of a drug to a protein, in a versatile and robust 

way. As shown in Figure 1A, protein structures are rendered with a surface model and 

dynamic shadows. Different types of atoms are marked in the diagram in different 

colors. Figure 1B–D are diagrams of different ligand structure forms, enabling users 

to perform molecular operations. Figure 1E,F are specific renderings of ribbon protein 

structure and main chain, respectively, enabling users to understand biomolecular 

structure better [20]. Users can choose visual panels to dynamically customize virtual 

environments and freely combine editing options to create unique and complex 

visualizations. In the bioinformatics metaverse, users of various platforms may 

conduct collaborative high-precision editing of multiple cells, share knowledge, 

increase the efficiency of editorial analysis, and even build supramolecules. As shown 

in Figure 2 [21], wearable devices enable viewing the molecular environment in the 

metaverse. At the same time, with the assistance of 3D printing technology, the 

modified molecular model can also be transformed into a physical form by printing 

the virtual model to achieve a more accurate presentation of the molecular model. 

 
Figure 1. Molecule visualization options using MINT and combining these options 

to make complex and interactive renderings of 3D molecule models: (A) Surface 

models of molecular structures; (B–D) Represent the molecular structure of the stick, 

CPK, and ball-stick models, respectively; (E,F) The structure and skeleton 

representation of the protein in the band diagram; (G) A combination of the above 

options where the surface model is presented transparently. 

 
Figure 2. In a screenshot from the VRdeo tool, users observe molecules in the 

Metaverse through a VR device.  
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2.2. Biological perception 

MojoLens is a smart contact lens application of continuous blood glucose 

detection (CGM, Continuous Glucose Monitoring) [22] technology; the embedded 

microsensor can sense blood sugar; these sensors can be radio-linked to a 

subcutaneously implantable sensor or patch sensor to sense glucose levels in the blood. 

Figure 3A shows the sensor’s operating mechanism to detect glucose concentration 

in tears. Google designed a smart contact lens to monitor glucose concentration in eye 

fluid (Figure 3B). In addition, Yao et al. fabricated contact lenses with glucose sensors 

to detect glucose concentration (Figure 3C), which has the advantage of regular, 

accurate, and long-term wear comfort detection of glucose concentration. Park et al. 

have also designed a glucose-sensor contact lens to detect the physical health of 

diabetic patients. Figure 3D(a,b) shows the image of the contact lens embedded with 

LED pixels and a schematic of the contact lens’s sections, respectively [23]. When the 

information enters the biometric universe, the user’s blood sugar can be displayed to 

directly observe the self-blood sugar value in the real world through AR display, or it 

can be uploaded to the biometric universe for virtual body state observation—intuitive 

understanding between self-status and physiological health indicators in the virtual 

world. In addition, the physiological indicators of the body can be connected with 

muscle activity through the EMG bracelet and other bracelets. As shown in Figure 4, 

the EMG signal can be transmitted to the computer [24] to understand further and 

control one’s health. 

Suppose users upload information about their physiological state into the 

metaverse. In that case, it can be processed with the help of the blockchain’s data-

decentralized ledger and hash function, and each piece of data will be accompanied by 

a timestamp and authenticity verification through the consensus mechanism so that the 

data is not easily tampered with. In addition, the smart contract can automatically input 

the data into the verification process. The encryption technology and public/private 

key mechanisms achieve access rights and other data integrity and security protection. 

MojoLens can also use implantable neural sensors to decode and detect neural 

signals and synchronize the neural information of the organism to the bioinformation 

universe in real time, improving the ability of neural decoding and enhancing the 

organism’s function. For example, the brain nerves are connected to the exoskeleton 

to improve flexibility. The optic nerve is connected to the electronic eye to optimize 

the cooperation of the artificial vision system. MojoLens has a screen and speaker, 

which can provide an immersive experience. However, when combined with VR 

gloves and other auxiliary devices, users’ immersive experience can be further 

enhanced. As shown in Figure 5 [25], after MojoLens detects an increase in heart rate, 

VR gloves can apply a slight tightening or vibration to specific parts of the user’s wrist 

to prompt the user to relax or rest. Similarly, when MojoLens detects a decrease in 

blood oxygen levels, the VR glove can stimulate the user at different resistance points 

to prompt the user to take a deep breath or rest. In this way, users can always know 

their physical condition to ensure a healthy condition; the multi-sensory feedback 

system integrates visual, auditory, and tactile feedback to provide complete health 

feedback and uses virtual reality to provide interactive, safe, and more immersive 

sensory. 
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The use of EEG technology in collaboration with the bioinformation metaverse 

can not only realize the function of comprehensive detection and evaluation of user 

perception, psychology, emotion, and other states but also provide cognitive status 

detection and judgment and the prediction of conscious activity content by brain wave 

content, which is conducive to neuroscience research [26]. Figure 6 shows a mind-

controlled virtual reality game system from neurotech company MindMaze. Two 

players are playing against each other with mind control. Moreover, it can be expanded 

to medical health, brain-computer interface interaction, intelligent rehabilitation 

training, and other application fields so that the human-computer interaction of the 

biological information metaverse becomes more innovative, intelligent, and 

personalized. 

 
Figure 3. Operation and different designs of contact lenses to monitor glucose 

concentration: (A) Operation process of the contact lens sensor for detecting glucose 

levels in tears; (B) (a) Google’s three-layer contact lens with an integrated sensor; 

(b) view of the contact lens sensor. Reproduced with permission; (C) A glucose 

contact lens sensor with a wired power supply. Reproduced with permission; (D) (a) 

Image of a smart contact lens with an LED pixel displaying the glucose level; (b) 

schematic of all integrated sections in the contact lens.  

 
Figure 4. Users transfer their own EMG information to a database.  
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Figure 5. VR gloves applied to virtual reality. 

 
Figure 6. Controlling virtual reality activities through brain waves in the game, there 

is a stretchable magic ball on each side of the screen and a small ball in the center. 

The players’ mental focus controls the magic balls, wearing headbands with sensors 

implanted on their foreheads. The game’s objective is to use bursts of energy to 

expand the central ball and push back the opponent’s magic ball. The larger the 

central ball expands, the stronger the player’s mental power is demonstrated to be.  

3. Feature 

Protein structure analysis 

As the most basic constituent of life, protein depends on the folding state of its 

amino acid sequence in terms of functional structure and conformation [27]. This 

process, in turn, determines its secondary, tertiary, and quaternary structure. However, 

at the same time, because of the complexity of the folding structure, it is difficult to 

predict the function, which has been a difficulty in bioinformatics research. However, 

combined with AI and a virtualized metaverse, data on the structure of these proteins 

can be processed much more quickly. Combining bioinformatics and artificial 

intelligence can increase the speed and accuracy of data analysis and create new ways 

to explore complex biological problems. AI algorithms can efficiently process large 

amounts of biological data, enabling more accurate and detailed biological 

simulations. The prediction model’s accuracy, specificity, and sensitivity have also 

improved effectively. AI can accurately mine hidden models and deep information in 

biological data. Based on AI technology, more accurate, stable, and reliable prediction 

models can be developed [28]. 



Metaverse 2025, 6(2), 2721. 
 

8 

In addition, using the computing power of the metaverse, protein prediction can 

be further transferred from laboratory calculation to the simulation and analysis of 

proteins in the virtual environment, and the three-dimensional structure and function 

of proteins can be predicted from the amino acid sequence, which is convenient for 

researchers to quickly verify the biological activities of proteins, significantly shorten 

the research time, and improve the reliability of prediction. 

Finally, 3D visualization in the metaverse can be used to explore protein 

structures. People can dynamically understand and study protein folding dynamics and 

change processes at any time through the metaverse visualization software. The 

intuitive and vivid visual 3D interface is conducive to further understanding the 

molecular structure of proteins, analyzing the microscopic changes within proteins, 

and carrying out environmental changes of different degrees of proteins. For drug 

research and development applications, the 3D molecular structure of drugs can be 

more clearly displayed, which helps to identify molecular targets of new drugs and 

verify the effects of new drugs. 

More critically, in the metaverse, computing resources and analysis software are 

packaged and connected to a virtual collaboration platform, allowing scholars from 

different disciplines to collaborate on protein structure prediction in a virtual 

environment, speeding up the prediction work, and achieving the integration of 

multidisciplinary knowledge to improve the accuracy and reliability of the prediction 

structure. For example, the prediction of protein-protein interaction simulations can 

help researchers analyze potential protein complexes for drug design. At the same 

time, proteins are modified and optimized in the platform to understand the regulatory 

mechanisms of biological signals and potential therapeutic strategies. 

The metaverse platform combines machine learning prediction methods with 3D 

virtual protein modeling techniques. Machine learning methods are learning protein 

folding models to achieve accurate predictions. 3D Virtual Protein Modeling: This 

method allows users to combine 3D virtual protein modeling techniques with machine 

learning techniques, using computational methods to predict the possible folded 

structure of a protein based on the interaction patterns of neighboring amino acids. To 

accelerate the speed and efficiency of the computing process, the computing unit can 

be sent to one or more computer processing nodes to achieve distributed computing of 

tasks. For example, database collaboration enables any two or more people or groups 

of people to share data content online or perform collaborative analysis of project data 

files. For researchers, information encryption protects private or sensitive data or 

materials to some extent. Users can easily incorporate 3D simulation and visualization 

of proteins into protein structure studies. With the help of the virtual platform, the 

computational study of protein structure can analyze the form and composition of the 

protein as well as its properties. 

In large-scale protein databases, researchers can identify proteins and study their 

morphology, composition, folding patterns, and function [29]. Figure 7 shows the 

user-designed RNA sequence [30]. The user-designed RNA sequence can be tested 

and analyzed in the virtual environment, and the user’s feedback can determine 

whether the design conforms to the expected structure. Compared with the existing 

computational prediction methods, the user-designed target secondary structure 

sequence in the metaverse environment performs better. The bioinformation 
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metaverse can also design 3D visual models of protein interactions, allowing 

researchers to analyze the relationships between proteins, search for potential protein 

complexes, and provide structural references for new drug development. All 

researchers participate in the prediction process on a collaborative platform, providing 

interaction between researchers, exchanging research ideas, and improving research 

methods to improve protein functional prediction results. At the same time, users can 

modify protein composition in the environment, design corresponding protein 

enzymes to control biological signals, or search for potential therapies. 

The application of generative AI can increase the speed of protein prediction by 

several times. Understanding the protein’s amino acid sequence can analyze the 

protein’s function so that users of the metaverse can accurately analyze the potential 

function of different amino acids and further understand the protein’s biological 

activity. In addition, efficient protein structure predictions are made. The visualization 

and intelligence of generative AI make it easier for scientists to predict the primary 

structure, secondary structure, tertiary structure, and quaternary structure of proteins, 

making the prediction of protein structure more “easy to operate”, and generative AI 

can also identify and learn protein form, structure, folding pattern, and protein function 

and make predictions in the protein data of large-scale databases. Possible protein 

structures are predicted by analyzing the interaction of adjacent amino acids. At the 

same time, generative AI can also be applied to protein interaction prediction. In the 

bioinformation metaverse, users can draw and present three-dimensional models of 

protein interactions, infer the structure of candidate protein complexes, and contribute 

to developing innovative new drugs and life science applications. In the 

bioinformation metaverse, all aspects of the drug development lifecycle (from drug 

design to validation, raw materials to marketing) can be applied. Combining AI and 

VR can improve the ability to analyze and predict drug behavior. Through drug 

sensors, microliquid sensors, and other technologies, it is possible to evaluate the 

molecular structure, pharmacokinetics, administration regimen and route, drug release 

method and speed, movement mode in the body, and the change of drug concentration 

in the blood over time, and accelerate the visualization of the way to analyze and 

predict drug response. Metaverse bioinformation research can observe the 

multidimensional association between drugs and diseases, diseases and proteins, 

predict new indications and drug reactions, simplify the selection of drug indications, 

and accelerate the clinical reuse of existing drugs. At the same time, it can observe the 

effects of drugs in the human body, their side effects, and other information, and on 

this basis, it can conduct the simulation of drug clinical research and shorten the test 

cycle. 

Phase I and Phase II clinical trials are avoided, and the efficiency and safety of 

drug therapy are improved. In the bioinformation metaverse, the purchase of raw 

materials and the sale of drugs are managed by the metaverse financial management 

system, and the ownership of assets is guaranteed by blockchain technology. Financial 

records can be safely recorded and protected through the untampered and unforgeable 

blockchain. In addition, Smart Contracts [31] protect the rights of both parties to a 

transaction and provide an automated tool for data access management. Blockchain-

based smart contracts enable data to be modified or verified only by authorized users, 

improve the efficiency of data sharing and transmission in team collaboration, and 
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provide a reliable audit trail for data changes so that every update can be verified and 

traced. 

 
Figure 7. The RNA sequences designed by players in Eterna, achieving secondary 

structures, are called “the branches”. 

4. Technology 

4.1. Decentralized technology/NFT 

Decentralized technology focuses on the future development of the Internet and 

pays more attention to the application of distributed, decentralized, and blockchain 

technology [32]. Blockchain technology has the characteristics of decentralization, 

traceability, encryption algorithms, and tamper-proof characteristics, making it a 

subversive technology in bioinformatics and providing a feasible solution to protect 

and monitor sensitive personal genetic data effectively [33]. The bioinformation 

metaverse contains vast amounts of genetic information and life science data, which 

can be dispersed and stored on different nodes to prevent data loss or tampering. In 

addition, data access and changes can be traced through blockchain technology, which 

is conducive to medical and scientific research compliance. Distributed technologies 

can also enable smart contracts—computer programs that run automatically when 

certain conditions are met, as agreed in advance. In the life metaverse, smart contracts 

can deal with the interactions between living beings in the metaverse ecosystem, such 

as simulating the process of competition, cooperation, and evolution between living 

beings, which can create a more realistic virtual ecosystem. One of the key points of 

bioinformation metaverse decentralization technology is to achieve cross-platform 

operability of different platforms, in other words, to make these platforms have 

interoperability, that is, interoperability of data, resources, and information. The 

diversity of virtual ecosystems enables virtual life, virtual ecosystems, and virtual 

applications to interact and collaborate, thus building a more complex and rich virtual 

world. 

NFT (non-fungible token) is an irreplaceable, trustworthy, and unique digital 

property certificate on the blockchain that can record and manage complex multi-
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dimensional attributes [34]. In the biological metaverse, identity authentication and 

digital identity management achieved through decentralized technology can be 

integrated with NFT to ensure that the ID numbers of virtual life forms, researchers, 

and users are unique, which can improve the security of the virtual life world and avoid 

the theft and abuse of virtual life. 

The organic combination of decentralized technology, NFT, and bioinformatics 

technology can form a safe, fair, and diverse biological information metaverse, 

providing new opportunities to expand the boundaries of bioinformatics digitally and 

commercially. With subsequent integration and development, these new technologies 

will promote the emergence of virtual life and the subsequent development of virtual 

ecosystems. The virtual life managed by NFT in the biological information metaverse 

can use NFT to verify the uniqueness and immutability of its biological information 

based on the biological information recorded on the blockchain. Through smart 

contracts, the different behavioral patterns, genetic genes, appearance characteristics, 

and other data information of biological individuals in the biological information 

metaverse can be controlled to be consistent in different metaverse platforms, 

supporting transactions and interactions between different metaverse platforms. 

In NFT, problems such as data storage, transaction costs, and interoperability 

among different platforms can be solved through Off-Chain Storage and On-Chain 

Verification storage solutions. Storage of data using high-performance services such 

as IPFS Reduce expenses using lower-cost blockchains and expanding blockchain 

technologies such as Layer [35]; Use common NFT standards such as ERC-721 [36] 

or ERC-1155 [37] to make the NFT compatible across different metaverse platforms 

and conform to standardized processes. The optimization of NFT technology can 

realize more levels of virtual life management in the bioinformation metaverse to 

support the progress of bioinformation digitization.  

4.2. Interactive simulation 

Interactive simulations will continue to evolve into increasingly complex and 

detailed forms in the metaverse of biological information. Providing solutions to 

realistic problems in the biological information-related new path, in the case of users 

gathering global users to solve the same problem jointly through immersive use and 

entertainment, improving the accessibility of biometric information content and 

problem-solving efficiency, and reducing repetitive labor. 

In the fields of molecular design, protein prediction [38], biosensing, drug 

detection, etc., we can embed processes in interactive simulations, crowdsourcing the 

world’s players through the power of the metaverse [39]; for example, neural decoding 

can be designed as an interactive simulation game, in which players guess what 

psychological reactions and emotional changes are likely to occur based on neural 

changes in the brain, thus providing a new method for related psychological research 

and neuroscience research. 

Figure 8 illustrates scientists conducting molecular analysis and manipulating 

proteins in the metaverse [40]. After solving a set of problems, the simulation platform 

can take advantage of different settings, increasingly interesting problems, and more 
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and more different problems to support motivated players in continuing to focus and 

improve their abilities and knowledge. 

In addition, the metaverse also offers rich possibilities for biological information 

education [41], especially for adolescent students. Bioinformatics games can be 

customized for young students to learn in, such as the adventure metaverse game of 

medical education, which allows students to experience the role of molecules, 

physiology, and drug design on patients in the virtual environment through interactive 

levels of the game to ignite students’ interest in exploring medicine and life science. 

To sum up, interactive simulation is an important part of the biological 

information metaverse, a helping hand to solve professional problems, and a vivid 

teaching presentation. 

 
Figure 8. The example shows a multidisciplinary group analyzing a fictitious 

COVID-19 spatial omics and single-cell data set projected in a 3D scatterplot. From 

left to right, molecular imaging (with colored marker overlay), H and E stain, and 

patient cohort x-ray imaging are shown. Heatmaps derived from spatial analysis 

allow cellular phenotyping in conjunction with the location of the scatterplot and 

imaging. Meanwhile, a structural biologist manipulates the COVID spike protein in 

an XR protein viewer, looking for variations in the patient’s genetic background that 

change binding affinities. 

4.3. Visualization 

Data visualization technology is the key technique of the universe, making data 

presentation and problem-solving into 3D visualization and immersion [42]. 3D data 

visualization means making biological information data vivid, more interactive, and 

immersive, giving users a better understanding of this data to make intelligent 

decisions. 

First, in terms of data visualization, data visualization plays a significant role in 

the analysis and interpretation of biological data for data analysis and understanding. 

Biological information has many complex genetic, genomic, and molecular structure 

data. Three-dimensional visual analysis of biological information using three-

dimensional data visualization means can map biological information data from a two-

dimensional plane structure to a three-dimensional spatial structure so that the data’s 

pattern, trend, and anomaly can be more precise and more information can be obtained. 

For example, when using biomolecular three-dimensional visualization technology to 

study protein structure, I will integrate myself into it, directly observe and compare 
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with human beings through the perspective, intuitively and graphically understand the 

protein, and understand the mutual relationship between protein function and 

molecules. 

Secondly, it is also important for scientific and medical education. In research, 

the bioinformatics metaverse should envisage highly interactive and engaging 3D data 

visualization teaching tools so that students can better understand the life sciences. For 

example, the Virtual Biology Lab allows students to immerse themselves in a virtual, 

three-dimensional environment to experience the basic concepts of molecular biology 

and genetics rather than just learning from books and two-dimensional pictures [43]. 

In addition, data visualization enhances collaboration and communication between 

professionals, and research groups using the bioinformatics metaverse can access and 

edit 3D data visualization work in a collaborative project to share their findings and 

insights, enabling faster scientific exploration and drug development and improving 

their collaborative communication. Figure 9 shows the implementation of the same 

interactive simulation approach in a VR environment [44]. The picture illustrates a 

sequence of molecular dynamics interactions, showing how energy changes as the 

molecule changes, and the molecule has features such as hydrogen bonding. Users in 

a virtual environment can use a controller to bring molecules closer together, use a 

laser pointer to select, and use visual feedback to feel the forces being applied. Finally, 

the image shows how the molecule is stretched [45]. 

Data visualization technology expanded from two-dimensional data information 

analysis and display towards more three-dimensional and immersive areas in the data 

analysis and information representation within the bioinformatics metaverse. This will 

drive interdisciplinary cooperation among scholars and researchers to allow human 

beings to understand data better and further develop scientific and medical education. 

With the growth of the metaverse, there will be even larger space for data visualization 

of biological data, more applications for future inventions in the life sciences field, 

and more interesting and creative applications for teaching and knowledge exchange. 

 
Figure 9. Interactive molecular dynamics in virtual reality. The top row shows the sequential steps of displaying 

simulation properties such as energy and hydrogen bonding, approaching the molecule with the controllers for 

manipulation, selecting by a laser pointer metaphor (blue beam), and providing visual feedback on the applied force 

(white rectangular block). The last image shows how the molecule is stretched due to this manipulation. 
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4.4. Privacy risks and ethical governance 

The research context where genetic data are employed is currently witnessing a 

transition. Previously, the scientist would produce a small number of ‘markers’ of the 

genome—(say) particular DNA sequences with a known role in disease 

pathophysiology—they now (often) employ many thousands, these markers being 

scattered throughout the genome. These innovations have significantly broadened our 

appreciation of the human genome and its relevance to many important problems, 

especially human disease. However, in some ways, more complicated concerns have 

emerged due to these technological advances. Individuals who personally consent to 

supply genomic samples (or contribute genome samples through family members) 

suffer the possibility of involuntary disclosure of their data and being subjected to 

genetic discrimination. The scenario in the bioinformatics metaverse becomes 

particularly worrisome since it is in virtual worlds that people can be immersed, exist 

persistently, and create voluminous amounts of data. Biomedical data such as 

physiological signals, behavioral data and genetic information are gathered, shared, 

and stored in virtual environments that enforce data encryption, access control, and 

user consent. 

Lastly, there are ethical issues with the stewardship of virtual biological entities: 

within immersive systems, virtual content like virtual avatars (i.e., not always human 

in form), virtual animals, or AI-enhanced bioculture products may become greatly 

dependent on the underlying system; the situation is symbiotic between content 

producers and content hosts. As a result, there have been some unsettled controversies 

regarding data sovereignty, intellectual property, and control of individuals over their 

virtual biological data. Given solving these problems, Arunkumar et al. [46] devise a 

new scheme based on two emerging techniques: zero-knowledge proof and blockchain 

technology. The central aim of the scheme is to strengthen the security of the DNA 

STR profile, ensuring its privacy and the integrity of the genetic information. Park et 

al. [47] presented a private genomic data management system relying on blockchain 

and local differential privacy (LDP). They utilize two kinds of storage: private storage 

for internal employees and semi-private storage for external users. Only internal 

employees can access the data in private storage since encrypted genetic data are 

stored there. On the other hand, in semi-private storage, genetic data is transformed by 

LDP that cannot be reverted anymore. Bohua et al. [48] suggest the following ethical 

governance framework that should be considered to achieve innovation and reduce 

risk. Their framework is based on the precautionary principle and balances interests 

among stakeholders before developing and commercializing the project. Zeng et al. 

[49] suggested three approaches to establishing a responsible “metaverse” governance 

framework: collective responsibility, realism, and co-governance. Such works guide 

the development of bioinformatics cyberspace’s fair, safe, open-source, and basic 

algorithm infrastructure. 

5. Current situation, challenges and future development 

The bioinformatics metaverse is a new concept based on the research of the 

metaverse and bioinformatics. It is a virtual space based on biological information that 

coexists with reality, links with each other, and mirrors the real world. It solves the 
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multi-scale biological information problem of atomic, molecular, protein, neuron, and 

biological body layers. It virtualizes with digital twins, artificial general intelligence, 

the Internet of Things, and blockchain, enabling a mirror of the physical world to 

merge with the physical world and become a mirror of the parallel real world. With 

the intervention of these new technologies, biometrics enhance and improve the ability 

to collect, filter, visualize, calculate, integrate, simulate, and analyze large biological 

data sets. Artificial intelligence can help create an ecosystem of bioinformation 

metaverse resource exploitation, using modern computer technologies such as virtual 

reality and digital twins to integrate biological principles such as light, sound, and 

biosensing as biological data becomes increasingly important. Advanced ultra-

precision sensors make multi-dimensional bioinformation data research possible to 

achieve visual design, adjustment, and predictive development and to build a 

comprehensive bioinformation metaverse. 

Some challenges are facing the development of the bioinformation metaverse. (1) 

The bioinformatics metaverse needs to process a large amount of data, which has a 

wealth of information from the top down at the atomic, molecular, protein, and genome 

levels [50]. Therefore, data collection, integration, processing, and storage have higher 

requirements but also need enough computing power. (2) Data security and privacy 

challenges [51] due to the large amount of personal information involved, including 

sensitive information such as genetic and personal physiological data. This is to ensure 

the security of this data and that this sensitive information can be used appropriately 

by regulations. (3) Data quality and standardization [52]: Data on the same issue may 

vary between different laboratories or institutions, and it is necessary to make data 

comparable according to the same standards and methods. At the same time, 

bioinformatics also involves multidisciplinary cooperation and knowledge integration 

[53] because bioinformatics requires applying knowledge and technology in multiple 

disciplines, such as biology, computer science, AI, and other disciplines. (4) 

Visualization of the bioinformation metaverse, user interaction experience [54], and 

how to visualize data so that users can understand and use bioinformation data more 

intuitively and simply. 

Given the above problems, a reasonable research and development roadmap for 

the bioinformation metaverse should consider computer technology. First, the high 

performance of computing hardware is needed because computing large-scale data 

from the atomic and molecular level to protein structure or genome level is time-

consuming. Scalable and cost-efficient architectures like cloud computing and edge 

computing architectures can minimize the physical footprints locally for a large system 

while facilitating real-time or near real-time data access and data analysis capability. 

In addition, the modular AI inference models will be leveraged to minimize the amount 

of needed GPUs and decrease the total cost of deploying them decentralized. 

Secondly, blockchain technology can solve data security and privacy issues and 

guarantee data immutability and traceability. Some scholars have already conducted 

systematic reviews on the role of blockchain in the healthcare sector. For example, 

Xie et al. [55] conducted a systematic review of blockchain technology’s current 

applications and prospects in the healthcare sector, highlighting its decentralized, 

tamper-proof, transparent, and secure characteristics, which can effectively improve 

the quality of medical services and data management. Ratta et al. [56] systematically 
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explored the integrated application of the Internet of Things (IoT) and blockchain in 

healthcare systems, pointing out that IoT enables remote diagnosis and treatment 

through wearable devices and body sensor networks. In contrast, blockchain ensures 

data security and privacy through its decentralized, immutable, and highly transparent 

features. Siyal et al. [57] reviewed the latest developments in blockchain technology 

in the healthcare field and emphasized its great potential in enhancing the security and 

reliability of medical data management. The study stressed that blockchain facilitates 

the development of personalized medicine by enabling real-time integration and 

sharing of clinical data. Haleem et al. [58] examined the advantages of blockchain 

technology in healthcare, identifying its significant role in improving the performance, 

security, and transparency of medical data sharing. The authors summarized fourteen 

key application scenarios of blockchain in the healthcare domain, asserting that 

blockchain not only enhances the analytical capacity of medical records but also 

effectively prevents data manipulation, ensures the confidentiality and traceability of 

health records, and supports the construction of a safer and more efficient healthcare 

data ecosystem. In conclusion, the application of blockchain technology in the 

healthcare field can significantly enhance data security, transparency, and reliability; 

promote the development of personalized medicine; and lay the foundation for 

building a more efficient and secure healthcare data ecosystem. 

Third, solving the data quality and standardization issues requires establishing a 

unified and open bioinformatics standard framework to unify data-collecting processes 

in different institutes. Establishing standard data models and ontologies can make 

integrated multi-source data interoperable. Meanwhile, interdisciplinary collaboration 

mechanisms should also be advocated, e.g., constructing common digital laboratories 

or simulation platforms to continually promote data quality and update the evaluation 

index system. 

Last but not least, regarding the visualization and the use experience problems, it 

might be helpful if low-latency AR/VR rendering engines are used, combined with 

clever UI/UX design, to make biological data more attractive to users. Adaptive 

visualization engines, in particular, i.e., those able to show information depending on 

the user’s roles (researcher, physician, student, etc.), might be exploited by users to 

access bio information at various levels of abstraction. Rendering cost, as well as 

hardware accessibility, is further mitigated through lightweight visualization libraries 

and previously rendered molecular datasets. 

In the short term, creating bioinformatics meta-worlds will improve users’ ability 

to collect biological data and view their physiological signals in real time. Since 

MojoLens, AR glasses, and myoelectric wristbands can be achieved on current devices 

(e.g., wearable devices) and cloud-computing architecture, this can help users view 

and interact with their physiological signals (e.g., blood glucose, muscle activities) in 

the virtual world. In combination with VR gloves and interactive health management 

apps, users can join in rehabilitation training and intuitive biological experiments that 

enable interactive and immersive education, healthcare, and lifestyle improvement. 

In the long run, protein structure modeling will be combined with globally 

distributed protein databases, smart contracts, and blockchain technology to form a 

self-evolving, open, global scientific research ecosystem. Establishing a complete 

bioinformation metaverse will facilitate open global decentralized research, artificial 



Metaverse 2025, 6(2), 2721. 
 

17 

intelligence drug research simulation, and complete cycle digital management of 

pharmaceutical molecules (from molecule to market). However, these visions will also 

enable scientists to model the protein interactions, forecast the responses to a drug, 

and oversee bioethics and data governance in a secure, transparent, and scalable way. 

Advanced computing power, standardized data models, and robust multidisciplinary 

collaboration are key requirements to satisfy these visions. 

In conclusion, although implementing the bioinformation metaverse requires a 

large scale of technologies and infrastructures, it is possible by balancing robust 

computing solutions, privacy-preserving solutions, data harmonization processes, and 

user-centric user interfaces. With this in mind, we move from a vision of the metaverse 

to its deployment in life sciences and personalized health. 

6. Conclusion 

This paper proposes six directions for constructing a bioinformation metaverse: 

molecular manipulation, biosensors, protein modeling, blockchain, interactive 

simulation, and data visualization. Through the collaborative solution of intelligent 

information mining technology, the collection, calculation, integration, and analysis 

of a large number of large-scale biological data are optimized, thus solving some of 

the more complex problems in bioinformatics. The system has also driven advances 

in bioinformatics, enabling new research and application techniques that can connect 

and collaborate more closely with different levels of biological data. It is believed that 

under the influence of the subsequent development of various technologies, the 

bioinformation metaverse will be reflected in more fields, such as the medical field, 

drug research and development field, and precision medicine. It will also bring more 

support to life science research and technology. 
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