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Abstract 

The study focused on Integrating Artificial Intelligence and Biotechnology in Biology Education: 

Preparing Learners for the 5th Industrial Revolution. The rapid advancement of Artificial 

Intelligence (AI) and Biotechnology is reshaping the landscape of biology education, necessitating 

innovative pedagogical approaches to equip learners for the emerging 5th Industrial Revolution. 

This revolution is characterized by the convergence of AI, biotechnology, and automation, 

demanding a workforce proficient in interdisciplinary problem-solving and technological 

adaptation. This study explores the integration of AI and biotechnology in biology education, 

emphasizing their role in enhancing teaching methodologies, research, and practical applications. 

AI-powered tools such as virtual labs, intelligent tutoring systems, and machine learning models 

are revolutionizing biology education by enabling personalized learning, real-time data analysis, 

and predictive modeling. In addition, advances in biotechnology, including CRISPR gene editing 

and bioinformatics, offer students hands-on experiences with cutting-edge scientific 

developments. To achieve the main purpose of this study, the researchers discussed strategies for 

embedding these technologies into curricula, fostering computational thinking, ethical 

considerations, and interdisciplinary learning. The researchers also highlighted the current trends 

in biology education, the role of AI and Biotechnology for enhancing skills among biology 

education students in the 5th Industrial Revolution. Consequently, challenges affecting the 
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integration of these tools such a lack of adequate infrastructure and resources in many educational 

institutions. Digital skills gap among educators, resistance to change, ethical and regulatory 

challenges, and the interdisciplinary nature of AI and biotechnology were examined. The 

researchers therefore suggested, amongst others, that curriculum planners in biology education 

should integrate core AI and biotech concepts into the standard biology curriculum. 

Keywords: 5th Industrial Revolution, Biology Education, Biotechnology, and Artificial 

Intelligence. 

Introduction  

The 5th Industrial Revolution (5th IR) signifies a groundbreaking era in which information 

resources and services evolve into a technology-centric format that can be accessed anytime and 

anywhere through ICT devices. The ongoing demand for greater customization and flexibility in 

how information is shared and services are delivered indicates positive advancements in biology 

education activities spurred by information and communication technology (ICT), including the 

effects of the Industrial Revolution (IR) (Ziatrdinov, Atteraya, and Nabiyev, 2024). According to 

Pandin (2021), the industrial revolution marks a significant transformation in human history, 

representing a shift from economies primarily based on agriculture to those driven by industrial, 

machine-powered production. The Industrial Revolution, which started in the 19th century in the 

United Kingdom, was propelled by technological advancements and the growth of global 

capitalism. The progression shifted from reliance on water and steam energy to the use of 

electricity, digital technologies, and cyber-physical systems. This change led to significant 

developments such as urban growth, transformed labor practices, and the emergence of new social 

classes, while also resulting in environmental pollution and disturbances to traditional ways of life. 

In spite of these obstacles, the revolution encourages societies to reassess and modify their 

structures to promote inclusivity and accessibility. It underscores the necessity for a workforce 

proficient in adaptability, digital skills, and ethical considerations regarding technology to thrive 

in the industrial revolution. 

The first Industrial Revolution (1st IR) began in the mid-18th century, roughly between 1750 and 

1850, leading to major progress in agriculture, manufacturing, mining, and transportation. 

Machinery started to take over tasks previously performed by humans and animals, improving 

efficiency. The demand for energy to operate these machines resulted in the second Industrial 
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Revolution (2nd IR) from 1850 to 1940, which brought about innovations in infrastructure such as 

pipes, water, gas, and electricity, further propelling industrial development (Taskan, Karatop and 

Kubat, 2020). The third Industrial Revolution (3rd IR) kicked off after World War II, signifying 

the beginning of the digital era. This time period experienced the emergence of computers, 

consoles, and mobile phones, transforming communication and productivity. The fourth industrial 

revolution (4th IR) has marked the beginning of a time characterized by interconnected 

technologies such as artificial intelligence, robotics, cloud computing, and the blending of 

technologies that erase the distinctions between physical, digital, and biological realms. These are 

referred to as cyber-physical systems. This period has classified innovations into biological, 

digital, and physical categories, with advancements like 3D printing, the Internet of Things (IoT), 

and AI influencing our everyday experiences (Apriliyanti, 2022). Klaus Schwab introduced the 

concept of the “fourth industrial revolution” in 2016, highlighting its rapid and exponential pace 

in comparison to earlier industrial revolutions. The swift advancement has led to conversations 

regarding the “Fifth Industrial Revolution.” 

The 5th industrial revolution builds on the foundations of the 4th industrial revolution and 

emphasizes resilience, sustainability, as well as human, environmental, and social considerations, 

involving intelligent robots and machines collaborating with people. Unlike the 4th industrial 

revolution, which centers on technologies such as the Internet of Things, big data, data science, 

and automation, the 5th industrial revolution seeks to create a balance between automation and 

human involvement. It fosters critical thinking and adaptability while harnessing machine 

accuracy. The 5th industrial revolution (5th IR) signifies a crucial transition towards improving 

human well-being through a cooperative relationship between humans and robots across different 

sectors. The fifth industrial revolution (5th IR), as described by Ikenga and Sijde (2024), highlights 

the strategic combination of human employees and collaborative robots (Cobots) within business 

social networks. The deployment of collaborative robots with decision-making abilities is intended 

to enhance service quality and improve production efficiency, fostering a seamless partnership 

between humans and advanced human-machine systems. Research shows that the fifth industrial 

revolution (5th IR) builds upon the developments achieved during the fourth industrial revolution 

(4th IR), which includes technologies such as artificial intelligence, robotics, the Internet of Things 

(IoT), cloud computing, big data, and 3D printing. The fifth IR advances these technologies by 
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emphasizing greater flexibility and integration, particularly regarding new communication tools 

like drones and mobile robots (Ibinaiye and Jiyane, 2021). It highlights the importance of utilizing 

mechanical and digital devices to enhance the exchange of information and communication across 

networks, including the Internet of Things (IoT). 

The adoption of advanced technologies such as big data analytics, artificial intelligence, and the 

Internet of Things shapes the necessary skills and competencies for the 5th Industrial Revolution 

across different sectors, including education and biology. Education is vital in adapting to 

technological advancements and ensuring equitable access to educational resources. Mastery of 

data management, which encompasses data gathering, analysis, and visualization, is crucial for 

facilitating evidence-based decision-making and improving service inclusivity (Thiruppathi, 

2024). 

Biology education, in particular, is undergoing a radical evolution, driven by the incorporation of 

Artificial Intelligence (AI) and Biotechnology. AI has emerged as a powerful tool in modern 

biology education, enabling personalized learning experiences, enhancing data analysis, and 

providing students with virtual simulations that mimic real-world biological phenomena (Russell 

& Norvig, 2020). Adaptive learning systems powered by AI tailor educational content to individual 

learning styles, thereby improving comprehension and engagement (Zawacki-Richter et al., 2019). 

Furthermore, AI-driven analytical tools are transforming the way students interact with biological 

data, fostering a deeper understanding of genetic sequences, protein structures, and ecological 

patterns (Baker & Smith, 2019). This transformation is particularly critical in an era where 

biological sciences are becoming increasingly data-driven, requiring students to develop skills in 

computational biology, bioinformatics, and AI-assisted research methodologies (Libbrecht & 

Noble, 2019). 

Biotechnology, another cornerstone of contemporary biology education, is revolutionizing the 

understanding and application of biological sciences. Advances in gene editing technologies, 

synthetic biology, and bioengineering have expanded the scope of biology curricula, equipping 

students with the knowledge and skills to engage in cutting-edge research and innovation (Church 

& Regis, 2012). The advent of CRISPR-Cas9, for example, has provided a paradigm shift in 

genetics education, allowing students to explore gene-editing techniques in laboratory settings 
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(Doudna & Charpentier, 2020). Additionally, biotechnology facilitates hands-on learning 

experiences through lab simulations, virtual dissections, and the use of bioinformatics tools that 

enable students to analyze genetic material with precision (Carlson, 2016). By integrating 

biotechnology into biology education, educators can prepare students for careers in medical 

research, agricultural science, and environmental conservation, fields that are increasingly reliant 

on biotechnological innovations (National Research Council, 2009). 

Despite the immense potential of AI and biotechnology in biology education, their integration into 

curricula remains a significant challenge. The traditional educational framework, often resistant to 

rapid technological changes, requires a paradigm shift to accommodate these emerging 

technologies effectively (Collins & Halverson, 2018). There is an urgent need for educational 

policies that support the incorporation of AI and biotechnology in science education, ensuring that 

students are equipped with the necessary skills to thrive in a technology-driven world (Selwyn, 

2019). Moreover, the ethical considerations surrounding AI and biotechnology necessitate a 

balanced approach that fosters responsible use while promoting scientific inquiry (Boddington, 

2017). 

This paper advocates for the integration of AI and biotechnology in biology curricula, emphasizing 

the need for a forward-thinking educational strategy that aligns with the advancements of the 5th 

Industrial Revolution. By embedding these technologies into biology education, institutions can 

bridge the gap between theoretical knowledge and practical applications, fostering a new 

generation of scientists who are adept at leveraging AI and biotechnology for scientific discovery 

and innovation. This integration not only enhances students' learning experiences but also equips 

them with the competencies required to address complex biological challenges in healthcare, 

agriculture, and environmental science (Fischer et al., 2020). Furthermore, the adoption of AI and 

biotechnology in education promotes interdisciplinary learning, encouraging students to engage 

with fields such as bioinformatics, computational biology, and genetic engineering (Johnson et al., 

2021). 

As the world transitions into the 5th Industrial Revolution, the role of AI and biotechnology in 

shaping biology education cannot be overstated. These technologies offer unparalleled 

opportunities to enhance teaching methodologies, facilitate data-driven learning, and prepare 
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students for careers in an increasingly technological landscape. However, to realize their full 

potential, educational institutions must embrace a proactive approach that integrates AI and 

biotechnology into curricula, ensuring that students are equipped with the knowledge and skills 

necessary to thrive in the future of biological sciences. Through strategic policy-making, 

curriculum development, and investment in technological resources, the education sector can 

harness the transformative power of AI and biotechnology to create a more dynamic, engaging, 

and future-ready biology education framework. 

Enhancing Biology Education through Artificial Intelligence 

The significance of AI in enhancing biology education is substantial, as it aids in refining research 

methodologies and broadening understanding of related biological concepts. AI tools tailored for 

biology allow users to integrate data from various sub-disciplines, which is essential for 

developing effective predictive models and facilitating both directed and undirected discoveries 

(Hassoun et al., 2021). In the realm of structural biology, AI has improved the effectiveness of 

complex structure prediction tasks, as exemplified by AlphaFold2 (Nam, 2023). Additionally, the 

use of AI in scientific education contributes to the digital transformation of learning, enriching 

students' experiences, whether they are engaging as learners or interacting with AI bots (Koć-

Januchta et al., 2020). The significant restructuring brought about by AI enables the investigation 

of intelligence principles and could influence biological intelligence and society on a broad scale 

(Bayaga, 2023). Nonetheless, it is important to apply machine learning in biology cautiously to 

maintain high publication standards and support the future of AI in this field (Crovello, 1974). 

Enhancing Learning Outcomes through AI and Biotechnology 

1. AI-Powered Personalized Learning: Adaptive learning systems leverage AI algorithms to 

analyze student performance and modify instructional content accordingly (Luckin et al., 

2016). By using real-time analytics, AI tutors and intelligent tutoring systems provide targeted 

feedback, allowing students to progress at their own pace. Studies indicate that AI-driven 

personalized education improves retention rates and conceptual understanding in biology 

(Holmes et al., 2019). 

2. Virtual Laboratories: Virtual laboratories powered by AI offer immersive environments where 

students can conduct simulated biological experiments without physical constraints. These 
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labs provide cost-effective alternatives to traditional wet labs, making sophisticated 

experiments more accessible (De Jong et al., 2021). AI tutors further enhance learning by 

offering 24/7 assistance, ensuring continuous engagement and support for learners. 

3. Biotechnology and Hands-on Learning: Biotechnology tools, such as CRISPR gene editing 

simulations and bioinformatics software, enable students to engage in realistic scientific 

practices. CRISPR-Cas9 educational tools allow students to simulate genetic modifications, 

fostering a deeper understanding of molecular biology concepts (Doudna & Charpentier, 

2020). Bioinformatics platforms, which analyze large-scale genetic data, help students 

develop computational skills necessary for modern biological research (Luscombe et al., 

2019). 

Bridging the Skills Gap 

1. Preparing Students for Future Careers: As AI and biotechnology become integral to modern 

biological sciences, there is an increasing demand for professionals skilled in bioinformatics, 

genetic engineering, and AI-driven research (National Academy of Sciences, 2022). 

Integrating these technologies into the curriculum prepares students for careers in genomics, 

personalized medicine, and synthetic biology. Educational institutions must incorporate AI-

driven research methodologies and computational biology techniques into their teaching 

frameworks to equip students with the necessary competencies (Peckham et al., 2021). By 

doing so, learners acquire practical skills that align with industry demands, ensuring their 

readiness for emerging scientific careers. 

2. Fostering Interdisciplinary Learning: AI and biotechnology education necessitate 

interdisciplinary collaboration between biology, computer science, and ethics. Developing 

curricula that integrate these disciplines enhances students’ problem-solving abilities and 

prepares them for complex scientific challenges (Mitchell et al., 2020). For instance, AI 

applications in genomics require expertise in both biological sciences and computational 

modeling, emphasizing the importance of cross-disciplinary learning. 

Ethical and Societal Considerations 

1. Responsible Use of AI and Biotechnology: As AI and biotechnology become more prevalent 

in education, ethical considerations surrounding their use must be addressed. AI-driven 



Journal of Education in Developing Areas (JEDA) Vol. 33 (2) October, 2025 ISSN: 0189420X 

378 
 
 

educational tools should be designed to mitigate biases and promote inclusive learning 

environments (Baker & Hawn, 2021). Ensuring equitable access to AI-powered education 

prevents the exacerbation of existing educational inequalities. Similarly, responsible use of 

biotechnological tools in education requires adherence to ethical guidelines. Genetic 

modifications, even in simulated environments, must be taught with an emphasis on ethical 

responsibility and societal impact (Jasanoff, 2018). 

2. Addressing Ethical Concerns: Concerns related to AI bias, data privacy, and genetic 

modifications must be incorporated into biology education. AI systems must be transparent in 

their decision-making processes to avoid algorithmic biases that could disadvantage certain 

student groups (Floridi & Cowls, 2019). Additionally, data privacy policies should protect 

student information from misuse in AI-driven educational platforms. Genetic modification 

technologies, such as CRISPR, pose ethical dilemmas related to human genome editing. 

Educational institutions should emphasize bioethical principles, encouraging students to 

critically evaluate the societal implications of genetic engineering (Baylis, 2020). 

Current Trends in Biology Education and the Role of AI and Biotechnology 

Biology education has witnessed significant transformations in recent years, largely due to the 

advancements in artificial intelligence (AI) and biotechnology. These developments are 

revolutionizing both the teaching and learning of biology by making it more interactive, 

personalized, and applicable to real-world issues. As the demand for skilled professionals in these 

fields’ increases, educational institutions need to adapt their teaching methods and curricula to 

reflect the growing importance of these technologies. 

Trends in Biology Education 

i. Incorporation of Digital Tools and Virtual Learning: The integration of digital platforms 

and tools has become a core element of modern biology education. Virtual laboratories and 

simulations allow students to engage in hands-on experiments without the constraints of 

physical lab space. Platforms such as Labster, which offer virtual reality-based biology 

experiments, have proven to be highly effective in increasing student engagement and 

understanding (Jensen et al., 2020). By offering real-time data and allowing students to 

manipulate biological processes, these tools foster a deeper understanding of complex 

biological systems. 
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ii. Personalized Learning through AI:  AI has made significant strides in personalizing 

learning experiences for students. Adaptive learning systems powered by AI analyze a 

student’s progress and provide tailored content to address knowledge gaps. AI-driven 

tutoring systems, such as Carnegie Learning, offer real-time feedback and adjust the 

difficulty of tasks based on individual performance, which helps students master biological 

concepts at their own pace (Luckin et al., 2021). Additionally, AI technologies enable 

educators to track student progress efficiently, ensuring that support is provided when 

necessary (Zawacki-Richter et al., 2019). 

iii.  Integration of Data Science into Biology Education: As biological research increasingly 

relies on data analysis, there is a growing emphasis on data science within biology 

education. Students are now being introduced to bioinformatics, genomics, and 

computational biology at earlier stages of their education. The combination of biology with 

fields such as programming, machine learning, and statistical analysis prepares students to 

navigate the vast amounts of data generated in biological research today (Stephens et al., 

2019). This interdisciplinary approach equips graduates with the tools necessary to 

contribute to areas like genomic research, environmental biology, and personalized 

medicine. 

iv. Emphasis on Inquiry-Based Learning: Modern biology education is shifting towards 

inquiry-based learning (IBL), where students actively participate in problem-solving and 

hypothesis-driven research. This approach encourages critical thinking, collaboration, and 

creativity. IBL has been shown to foster a deeper understanding of complex biological 

concepts, such as genetics, ecology, and molecular biology, by encouraging students to 

design their own experiments and explore real-world issues (Krajcik & Shin, 2021). This 

shift not only helps students retain information better but also prepares them for careers in 

research and innovation 

The Role of AI in Biology Education 

AI is playing a pivotal role in biology education by automating various aspects of teaching and 

learning, enhancing personalized experiences, and improving research capabilities. Several key 

contributions include: 
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i. AI-Powered Virtual Assistants and Tutors: AI-driven tools like chatbots and virtual 

assistants are now being used in educational settings to provide immediate responses to 

student questions, enabling a more interactive and engaging learning experience. These AI 

tools can simulate real-time discussions and offer explanations of complex biological 

concepts (Holmes et al., 2022). 

ii. Automated Grading and Assessment: AI is being used to streamline grading and 

assessment processes. AI algorithms can evaluate written assignments, quizzes, and lab 

reports more efficiently than traditional methods, allowing for quick feedback that 

enhances the learning process (Zawacki-Richter et al., 2019). 

iii. . Predictive Analytics for Student Performance: By analyzing student data, AI tools can 

predict potential learning gaps and provide insights on how to improve curriculum design 

and instructional methods. This predictive power enables educators to personalize 

instruction and ensure that students are supported throughout their academic journey 

(Sarma et al., 2023). 

The Role of Biotechnology in Biology Education 

Biotechnology is another key area that is shaping the future of biology education. The increasing 

application of biotechnology in medicine, agriculture, and environmental science has prompted 

educational institutions to include more hands-on learning experiences and practical applications 

of biological concepts. Key areas where biotechnology is impacting biology education include: 

i. Genetic Engineering and CRISPR Education: The introduction of gene-editing 

technologies, particularly CRISPR, has created new opportunities for students to engage 

with cutting-edge biotechnology. CRISPR-based experiments are now part of many 

biology curricula, enabling students to explore gene functions and applications in genetic 

modification (Doudna & Charpentier, 2020). 

ii.  Synthetic Biology: Synthetic biology, which involves designing and constructing new 

biological parts and systems, is gaining traction in educational settings. Students are now 

being introduced to concepts in synthetic biology, which could have wide-ranging 
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applications in medicine, energy production, and environmental management (Cameron et 

al., 2021). 

iii. Biopharmaceutical Education: The growing demand for biologics and personalized 

medicine has led to the inclusion of biopharmaceutical biotechnology in biology programs. 

Courses in this field teach students about drug development, vaccine production, and the 

production of therapeutic proteins (Walsh, 2022). These developments ensure that students 

are well-prepared for careers in the rapidly evolving pharmaceutical and biotechnology 

industries. 

Skills for Biologists in the 5th Industrial Revolution 

The 5th Industrial Revolution (5IR) represents a paradigm shift emphasizing the synergy between 

humans and advanced technologies like artificial intelligence, biotechnology, and quantum 

computing, with a renewed focus on sustainability, ethics, and personalization (Schwab, 2018). 

For biologists to remain relevant and impactful in this era, they must acquire a blend of technical, 

cognitive, and ethical skills. 

i. Interdisciplinary Knowledge and Collaboration: Biologists must now collaborate across 

disciplines, integrating biology with computer science, data analytics, and engineering. 

The fusion of life sciences with AI and machine learning is crucial in fields like genomics, 

synthetic biology, and personalized medicine (Marcus & Davis, 2019). Hence, the ability 

to work in interdisciplinary teams is essential. 

ii. Data Literacy and Bioinformatics: With biological research generating massive datasets, 

skills in bioinformatics, data visualization, and statistical analysis are indispensable. Tools 

like R, Python, and AI algorithms are now integral to biological data analysis, from 

genome sequencing to ecological modeling (Stephens et al., 2015). Biologists must be 

adept at interpreting data and drawing meaningful conclusions. 

iii. Technological Proficiency: The use of CRISPR, nanotechnology, and lab automation 

defines modern biology. Biologists should understand how to operate, troubleshoot, and 

innovate with these technologies. Familiarity with digital platforms and AI-driven 

laboratory systems enhances productivity and precision (Doudna & Charpentier, 2014). 
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iv. Ethical Reasoning and Sustainability Mindset: 5IR emphasizes ethical innovation and 

sustainability. Biologists must navigate complex bioethical issues, including gene editing, 

biodiversity conservation, and synthetic biology, while aligning research with the UN’s 

Sustainable Development Goals (UNESCO, 2021). Ethical reasoning ensures responsible 

science in a rapidly advancing world. 

v. Communication and Public Engagement: The ability to communicate complex biological 

ideas clearly to policymakers, industry leaders, and the public is vital. This includes 

scientific writing, public speaking, and digital literacy for outreach through social media 

and multimedia platforms (Brownell, Price & Steinman, 2013). 

Challenges Faced by Biology Educators in the Integration of AI and Biotechnology in Biology 

Education in the 5th Industrial Revolution 

The integration of Artificial Intelligence (AI) and Biotechnology into biology education in the 5th 

Industrial Revolution (5IR) presents significant challenges for educators, despite the immense 

potential these technologies hold for revolutionizing teaching and learning. As AI-powered data 

analysis tools, bioinformatics platforms, and gene-editing technologies like CRISPR become 

central to biological research, educators must adapt their teaching methodologies accordingly. 

However, numerous obstacles hinder the seamless incorporation of these advanced tools into the 

education system. 

One major challenge is the lack of adequate infrastructure and resources in many educational 

institutions. AI applications in biology require access to high-performance computing systems, 

cloud-based data storage, and specialized laboratory equipment. However, institutions, especially 

in developing countries, often lack the financial resources to invest in such technology (UNESCO, 

2021). Many schools and universities struggle to provide even basic laboratory facilities, making 

it difficult to implement AI-driven simulations, bioinformatics software, or biotechnology 

experiments. Without adequate infrastructure, educators cannot effectively demonstrate the 

practical applications of AI and biotechnology in biological sciences. 

A related challenge is the digital skills gap among educators. Many biology teachers and professors 

lack the technical expertise required to integrate AI-based tools and biotechnology techniques into 

their curriculum. Traditional biology education has primarily focused on theoretical and 
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experimental aspects, with limited emphasis on computational and data-driven methodologies 

(World Economic Forum, 2020). As AI-driven research methods become more prevalent, 

educators must develop proficiency in programming languages such as Python and R, understand 

machine learning algorithms, and familiarize themselves with bioinformatics tools like BLAST 

and Clustal Omega (Stephens et al., 2015). However, professional development opportunities in 

these areas are often insufficient, leaving educators unprepared to incorporate these emerging 

technologies into their teaching. 

Potential resistance to change within the education system also poses a significant challenge. Many 

educators and academic institutions adhere to conventional teaching methods and may be reluctant 

to adopt AI and biotechnology due to concerns about complexity, reliability, or ethical implications 

(Luckin, 2017). The fear that AI may replace traditional teaching roles further discourages 

educators from embracing these technologies. Additionally, integrating biotechnology topics such 

as genetic engineering and synthetic biology into the curriculum can be met with ethical and 

societal concerns, leading to resistance from stakeholders, including policymakers, parents, and 

students (Doudna & Charpentier, 2014). Addressing these concerns requires extensive awareness 

campaigns and training programs to demonstrate the benefits of AI and biotechnology while 

ensuring responsible and ethical use.\ 

Another critical challenge is the disparity in access to AI and biotechnology education across 

different socio-economic and geographical regions. While well-funded institutions in developed 

countries have access to AI-powered labs and advanced biotechnology equipment, many schools 

in low-income regions lack even basic computing resources (World Economic Forum, 2020). This 

digital divide creates inequalities in education, where only a privileged few can acquire the skills 

needed to excel in AI-driven biological sciences. Addressing this issue requires policy 

interventions and international collaborations to provide equitable access to AI and biotechnology 

tools for all students, regardless of their location or financial background. 

Lastly, the interdisciplinary nature of AI and biotechnology poses difficulties in curriculum design. 

Biology educators must collaborate with computer scientists, engineers, and data analysts to create 

a curriculum that effectively integrates AI and biotechnology with traditional biological concepts 

(Marcus & Davis, 2019). However, designing an interdisciplinary curriculum that meets the needs 
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of students while aligning with existing educational standards can be challenging. The lack of clear 

frameworks for interdisciplinary teaching makes it difficult for educators to strike a balance 

between theoretical biology, computational tools, and hands-on laboratory experiences. 

Strategies for Effective Integration of AI and Biotechnology in Biology Education in the 5th 

Industrial Revolution 

The integration of Artificial Intelligence (AI) and Biotechnology into biology education in the 5th 

Industrial Revolution (5IR) requires a strategic, multifaceted approach to ensure effectiveness, 

accessibility, and ethical responsibility. As AI transforms research methodologies and 

biotechnology revolutionizes healthcare and environmental sciences, educational institutions must 

adapt their curricula, teaching methods, and infrastructure to prepare future biologists for this new 

era (Schwab, 2018). 

One of the key strategies for effective implementation is curriculum reform. Traditional biology 

curricula must evolve to incorporate AI-driven tools such as machine learning for genetic analysis, 

bioinformatics for data interpretation, and robotics for laboratory automation. Integrating 

computational biology and programming languages such as Python and R into biology courses 

will enable students to analyze large datasets and develop predictive models, fostering data literacy 

and problem-solving skills (Stephens et al., 2015). In addition, the inclusion of CRISPR 

technology, synthetic biology, and biomedical engineering in coursework will expose students to 

cutting-edge developments in biotechnology, ensuring they are well-equipped for research and 

industry applications (Doudna & Charpentier, 2014). 

To successfully implement AI and biotechnology in education, there is a need for investment in 

digital infrastructure and laboratory facilities. Virtual and augmented reality (VR/AR) 

technologies can create immersive learning experiences, allowing students to interact with 

complex biological processes in a simulated environment. AI-powered virtual tutors can provide 

personalized learning pathways, adapting to students’ strengths and weaknesses and facilitating 

mastery of biological concepts (Luckin, 2017). Moreover, access to high-performance computing 

systems and cloud-based platforms will enable students to engage in computational biology 

research, removing traditional barriers to resource-intensive analyses. 
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Another essential strategy is teacher training and capacity building. Educators must be equipped 

with the necessary skills to integrate AI and biotechnology into their teaching practices. 

Professional development programs should focus on AI applications in biological research, 

bioinformatics tools, and ethical considerations surrounding biotechnology advancements. 

Collaboration between universities and research institutions can provide opportunities for faculty 

to participate in AI-driven projects, ensuring that teaching methods remain aligned with the latest 

scientific innovations (World Economic Forum, 2020). 

Collaboration between academia, industry, and policymakers is also crucial for the effective 

adoption of AI and biotechnology in biology education. Partnerships with biotechnology firms, AI 

research labs, and healthcare institutions can facilitate internship opportunities, collaborative 

research projects, and technology transfer programs. These collaborations will expose students to 

real-world applications of AI and biotechnology, bridging the gap between theoretical knowledge 

and practical experience (Marcus & Davis, 2019). Additionally, government policies should 

support funding for AI-driven educational initiatives, ensuring that underprivileged institutions 

and students have access to advanced learning tools and resources.. 

To enhance learning outcomes, an interdisciplinary approach should be adopted, integrating AI 

and biotechnology with other fields such as engineering, environmental science, and social 

sciences. Interdisciplinary research projects will encourage students to apply AI models to 

biological problems, such as predicting climate change impacts on ecosystems or using AI for 

disease diagnosis and drug development. This holistic approach will equip students with the 

versatility needed to address complex global challenges in the 5IR (Baker & Smith, 2019). 

Benefits and Limitation of Incorporating AI in Biology 

AI can be combined with biology in various ways, including but not limited to enhancing student 

engagement, creating distinctive learning environments, and facilitating interaction and 

simulations. Tools like ChatGPT can assist in elaborating on concepts taught in class, thereby 

improving students’ understanding of biological ideas (Lee, 2023). Additionally, AI can aid in 

learning anatomy through image analysis and the identification of structures, along with enhancing 

knowledge acquisition focused on the effectiveness of ultrasound in USG-RA training (Jacobs et 

al., 2023). However, challenges exist, particularly on ethical grounds, with potential biases in AI 
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systems or the need for additional research to optimize learning outcomes by integrating AI 

technologies in biology (Adiguzel et al., 2023). Strategies to address these challenges are crucial 

to prevent the misuse and ineffectiveness of AI in enhancing biology education. 

Conclusion 

Integrating AI and biotechnology into biology education is crucial for preparing students to 

navigate the complexities of the Fifth Industrial Revolution (5IR). These technologies are 

transforming the biological sciences, opening new avenues for research, healthcare, and 

environmental sustainability. As such, it is essential that biology education evolves to reflect these 

advancements, equipping students with the knowledge and skills required to thrive in a rapidly 

changing world. Proactive educational reforms are necessary to ensure that students are not only 

familiar with these technologies but can also harness them to solve real-world problems. To 

achieve this, curriculum updates, professional development for educators, and investments in 

digital infrastructure must be prioritized. These reforms will ensure that students develop a strong 

foundation in both the theoretical and practical applications of AI and biotech. Moreover, 

collaborations between educational institutions, biotech firms, and AI developers will further 

bridge the gap between academia and industry, fostering innovation and ensuring that biology 

education stays relevant in the digital age. Policymakers, educators, and researchers must work 

together to drive this transformation. By prioritizing the integration of AI and biotechnology into 

education, they will empower the next generation of scientists to push the boundaries of what is 

possible in biology. 

Suggestions/ Way Forward  

In view of the above, the paper suggests the following as a way forward: 

1. The government should integrate core AI and biotech concepts into the standard biology 

curriculum. 

2. To ensure educators are well-equipped to teach these advanced concepts, professional 

development programs should focus on AI and biotech literacy. 
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3. Teachers should be encouraged to pursue certifications in AI and biotechnology, which 

could be offered by both academic institutions and professional organizations in the fields 

of AI and biotechnology. 

4. To support the practical application of AI and biotech tools, schools and educational 

institutions should invest in specialized labs equipped with AI software and biotech tools. 

5. AI developers and biotech companies should collaborate with educational experts to co-

develop curriculum materials, online courses, and teaching resources 

References 

Adiguzel, T., Kaya, M. H., & Cansu, F. K. (2023). Revolutionizing education with AI: Exploring 

the transformative potential of ChatGPT. Contemporary Educational Technology, 15(3), 

Article ep429. https://doi.org/10.30935/cedtech/13152 

Baker, T., & Smith, L. (2019). Educating the AI generation: Incorporating artificial intelligence in 

the classroom. Journal of Educational Technology, 36(4), 56-73. 

Baker, R. S., & Hawn, A. (2021). Algorithmic bias in education. Educational Researcher, 50(5), 

297-304. 

Bayaga, A. (2023). Using data science and artificial intelligence to improve teaching and learning. 

Alternation, 39(1). https://doi.org/10.29086/2519-5476/2022/sp39a6 Chen, L., 

Chen, P., & Lin, Z. (2020). Artificial intelligence in education: A review. IEEE Access, 8, 75264–

75278. https://doi.org/10.1109/access.2020.2988510  

Baylis, F. (2020). Altered inheritance: CRISPR and the ethics of human genome editing. Harvard 

University Press. 

Binns, R. (2018). Ethics of artificial intelligence in decision-making. Journal of Ethics and 

Technology, 34(4), 55-68. 

Boddington, P. (2017). Ethics of artificial intelligence and robotics. Springer. 



Journal of Education in Developing Areas (JEDA) Vol. 33 (2) October, 2025 ISSN: 0189420X 

388 
 
 

Brownell, S. E., Price, J. V., & Steinman, L. (2013). Science communication to the general public: 

Why we need to teach undergraduate and graduate students this skill as part of their formal 

scientific training. Journal of Undergraduate Neuroscience Education, 12(1), E6–E10. 

Carlson, R. (2016). Biology is technology: The promise, peril, and new business of engineering 

life. Harvard University Press. 

Cameron, D. E., Bashor, C. J., & Collins, J. J. (2021). A brief history of synthetic biology. Nature 

Reviews Microbiology, 19(2), 63-79. 

Church, G., & Regis, E. (2012). Regenesis: How synthetic Biology will reinvent nature and 

ourselves. Basic Books. 

Collins, A., & Halverson, R. (2018). Rethinking education in the age of technology: The digital 

revolution and schooling in America. Teachers College Press. 

Crovello, T. J. (1974). Computers in biological teaching. BioScience/Bioscience, 24(1), Article 20. 

https://doi.org/10.2307/1296655 

De Jong, T., Linn, M. C., & Zacharia, Z. C. (2021). Physical and virtual laboratories in science 

and engineering education. Science, 372(6542), 647-650. 

Doudna, J. A., & Charpentier, E. (2014). The new frontier of genome engineering with CRISPR-

Cas9. Science, 346(6213), 1258096. https://doi.org/10.1126/science.1258096 

Doudna, J. A., & Charpentier, E. (2020). The new frontier of gene editing. Nature Biotechnology, 

38(8), 924-936. 

Doudna, J. A., & Charpentier, E. (2014). The new frontier of genome engineering with CRISPR-

Cas9. Science, 346(6213), 1258096. https://doi.org/10.1126/science.1258096. 

Ertmer, P. A., & Ottenbreit-Leftwich, A. T. (2010). Teacher technology change: How knowledge, 

confidence, beliefs, and culture intersect. Journal of Research on Technology in Education, 

42(3), 255-284. 



Journal of Education in Developing Areas (JEDA) Vol. 33 (2) October, 2025 ISSN: 0189420X 

389 
 
 

Floridi, L., & Cowls, J. (2019). A unified framework of five principles for AI in society. Harvard 

Data Science Review, 1(1), 1-15. 

Fischer, G., Collins, B., & Deegan, M. (2020). Education in the 5th Industrial Revolution: AI and 

biotechnology in learning. Oxford University Press. 

Hassoun, S., Jefferson, F., Shi, X., Stucky, B., Wang, J., & Rosa, E. (2021). Arti cial intelligence 

for biology. Integrative and Comparative Biology, 61(6), 2267–2275. 

https://doi.org/10.1093/icb/icab188 

Heffernan, N. T., & Heffernan, C. L. (2014). The impact of AI on education. International Journal 

of Artificial Intelligence in Education, 24(2), 140-156. 

Henderson, M., Selwyn, N., & Aston, R. (2017). What works and why? Examining the barriers to 

effective integration of AI in classrooms. Education and Information Technologies, 22(2), 

235-248. 

Holmes, W., Bialik, M., & Fadel, C. (2022). AI and education: Opportunities and challenges. 

Educational Technology Journal, 58(1), 12-29. 

Holmes, W., Bialik, M., & Fadel, C. (2019). Artificial intelligence in education: Promises and 

implications for teaching and learning. Center for Curriculum Redesign. 

Jacobs, E., Wainman, B., & Bowness, J. (2023). Applying artificial intelligence to the use of 

ultrasound as an educational tool: A focus on ultrasound-guided regional anesthesia. 

Anatomical Sciences Education. https://doi.org/10.1002/ase.2266 Koć- 

Jasanoff, S. (2018). The ethics of invention: Technology and the human future. W.W. Norton & 

Company. 

Jensen, L., Konradsen, F., & Misfeldt, M. (2020). The effectiveness of virtual laboratories in 

biology education: A meta-analysis. Journal of Science Education and Technology, 29(3), 

349-367. 

Jobin, A., Ienca, M., & Vayena, E. (2019). The global landscape of AI ethics guidelines. Nature 

Machine Intelligence, 1(9), 389-399. 



Journal of Education in Developing Areas (JEDA) Vol. 33 (2) October, 2025 ISSN: 0189420X 

390 
 
 

Johnson, S. C., Patel, R., & Turner, M. (2021). Bioinformatics and computational biology in 

modern science education. Cambridge University Press. 

Koć-Januchta, M. M., Schönborn, K. J., Tibell, L. A. E., Chaudhri, V. K., & Heller, H. C. (2020). 

Engaging with biology by asking questions: Investigating students’ interaction and 

learning with an Artificial Intelligence-Enriched textbook. Journal of Educational 

Computing Research, 58(6), 1190–1224. https://doi.org/10.1177/0735633120921581  

Krajcik, J., & Shin, N. (2021). Project-based learning in science education. International Journal 

of STEM Education, 8(1), 1-17. 

Lee, H. (2023). The rise of ChatGPT: Exploring its potential in medical education. Anatomical 

Sciences Education, 17(5), 926–931. https://doi.org/10.1002/ase.2270 Nam, K. H. (2023). 

AI-based protein models enhance the accuracy of experimentally determined protein 

crystal structures. Frontiers in Molecular Biosciences, 10. 

https://doi.org/10.3389/fmolb.2023.1208810 

Libbrecht, M. W., & Noble, W. S. (2019). Machine learning applications in genetics and genomics. 

Nature Reviews Genetics, 20(3), 143-156. 

Luckin, R., Holmes, W., Griffiths, M., & Forcier, L. B. (2021). AI in education: The importance 

of teacher involvement. Computers & Education, 174, 104332. 

Luckin, R., Holmes, W., Griffiths, M., & Forcier, L. B. (2016). Intelligence unleashed: An 

argument for AI in education. Pearson Education. 

Luckin, R. (2017). Machine learning and human intelligence: The future of education for the 21st 

Century. UCL Institute of Education Press. 

Luscombe, N. M., Greenbaum, D., & Gerstein, M. (2019). What is bioinformatics? An 

Introduction to Bioinformatics, 3(1), 1-10. 

Marcus, G., & Davis, E. (2019). Rebooting AI: Building artificial intelligence we can trust. 

Pantheon. 



Journal of Education in Developing Areas (JEDA) Vol. 33 (2) October, 2025 ISSN: 0189420X 

391 
 
 

Mitchell, M., Bryson, J. J., & Reilly, D. (2020). Ethics in AI education. AI & Society, 35(2), 387-

399. 

National Academy of Sciences (2022). The future of biotechnology and AI in education. National 

Academies Press. 

National Research Council (2009). A new biology for the 21st century: Ensuring the United States 

leads the coming biology revolution. National Academies Press. 

Peckham, J., Marder, E., & Kim, H. (2021). Interdisciplinary approaches to AI and biology. PLOS 

Computational Biology, 17(5), e1008979. 

Russell, S., & Norvig, P. (2020). Artificial intelligence: A modern approach (4th ed.). Pearson. 

Schwab, K. (2021). The fourth industrial revolution. Currency. 

Schwab, K. (2018). Shaping the Fourth Industrial Revolution. World Economic Forum. 

Sarma, S., Anderson, E., & Santillana, M. (2023). AI in learning analytics: Predicting student 

performance and engagement. Journal of Learning Analytics, 10(2), 45-67. 

Selwyn, N. (2022). Education and AI: Navigating the future of learning. Educational Researcher, 

51(4), 210-223. 

Selwyn, N. (2019). Should robots replace teachers? A.I and the future of education. Polity. 

Selwyn, N. (2019). Education and technology: Key issues and debates. Routledge. 

Spector, J. M. (2020). The future of education and technology in the AI era. Educational 

Technology Research and Development, 68(3), 1373-1390 

Stephens, Z. D., Lee, S. Y., & Faghri, F., et al. (2015). Big data: Astronomical or genomical? PLoS 

Biology, 13(7), e1002195. https://doi.org/10.1371/journal.pbio.1002195 

Stephens, Z. D., Lee, S. Y., Faghri, F., & Campbell, R. H. (2019). Big data in genomics: Current 

trends and future directions. Nature Genetics, 51(6), 729-740. 



Journal of Education in Developing Areas (JEDA) Vol. 33 (2) October, 2025 ISSN: 0189420X 

392 
 
 

UNESCO. (2021). Science for a sustainable future. Retrieved from https://en.unesco.org/science-

sustainable-future 

World Economic Forum (2020). The future of jobs report 2020. Retrieved from 

https://www.weforum.org/reports/the-future-of-jobs-report-2020 

Walsh, G. (2022). Biopharmaceuticals: Current trends and future directions. Nature 

Biotechnology, 40(3), 317-325. 

World Economic Forum (2020). The future of jobs report 2020. Retrieved from 

https://www.weforum.org/reports/the-future-of-jobs-report-2020 

Zawacki-Richter, O., Marín, V. I., Bond, M., & Gouverneur, F. (2019). Systematic review of 

research on artificial intelligence in education. International Journal of Educational 

Technology in Higher Education, 16(1), 39-57. 

 

 

 

 

 

 

 

 

  

https://en.unesco.org/science-sustainable-future
https://en.unesco.org/science-sustainable-future

