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Abstract 
The integration of artificial intelligence in science learning is a strategic need to address the challenges 
of scientific literacy and sustainable education. This study aims to develop and test the effectiveness 
of a STEAM-ESD (Science, Technology, Engineering, Arts, and Mathematics-Education for 
Sustainable Development)-based chatbot in improving students' scientific literacy in biotechnology 
learning. The study used a research and development (R&D) design with the ADDIE model which 
includes the stages of analysis, design, development, implementation, and evaluation. The product 
developed is an AI chatbot "BIOTEKS" along with learning support tools. The research subjects were 
12th grade high school students. Data were collected through expert validation sheets and science 
literacy tests, then analyzed descriptively and inferentially using Rasch analysis, N-gain, and the 
Mann-Whitney U test. The results showed that all learning tools had a very high level of validity and 
reliability (94–97%), making them feasible to implement. The implementation of the STEAM–ESD-
based BIOTEKS chatbot significantly improved students' scientific literacy with high N-gain values 
in both classes (0.99 and 0.77), as well as significant Mann Whitney U Test values between classes (p 
= 0.199). The most prominent improvement occurred in scientific representation and data 
interpretation abilities in the context of sustainable biotechnology. It can be concluded that the 
STEAM–ESD-based BIOTEKS chatbot is effective as an innovative learning medium to improve 
students' scientific literacy and serves as a pedagogical reinforcer in contextual and sustainability-
oriented 21st-century biology learning. 
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INTRODUCTION 
 

The industrial revolution 4.0 has significantly transformed human activities through the 
integration of technology with the Internet of Things (IoT) and artificial intelligence (AI), which 
greatly supports new innovations ( Selamat & Windasari, 2021; Pratiwi & Indana, 2022).  The 
rapid surge of information inevitably impacts science education, with implications for the use of 
technology to meet future needs (Yuliati & Saputra, 2019; Zhang & Aslan, 2021). Easy access to 
information in the technological era must be accompanied by appropriate knowledge, attitudes, 
and skills (Sakti et al., 2021) to prevent misuse of information ( Jamaluddin & Hadijah, 2020; 
Salsabila et al., 2024) and to enable students to solve problems related to the environment, health, 
economics, social issues, and technology, which are essential for teaching scientific literacy. 
However, Indonesian students' level of scientific literacy remains relatively low. 

Based on PISA 2022 and the nature of the science literacy test (NoSLiT), scientific 
literacy in grade XII high school students is classified as quite low (Takda et al., 2023). This 

https://doi.org/10.30998/4n4cjf26
https://journal.lppmunindra.ac.id/index.php/Formatif/index
mailto:sifakindana@unesa.ac.id
https://doi.org/10.30998/4n4cjf26


Salsabila et al. / Formatif: Jurnal Ilmiah Pendidikan MIPA 16(1), 77-90 

- 78 - 
 

indicates that students often have difficulty interpreting data, evaluating evidence, and applying 
scientific concepts in real contexts (Sari & Rosdiana, 2024). However, in 2023, the PISA ranking 
increased from 2018 (Kemendikbudristek, 2023a). The increase in the PISA ranking was 
influenced by several pandemic handling efforts by the Ministry of Education, Culture, Research, 
and Technology, one of which is online access and technology (Kemendikbudristek, 2023b). 
Literacy development can be supported through multimedia and digital technologies to prepare 
students who are scientifically literate and capable of critical, logical, and creative thinking 
(Pertiwi et al., 2018; Rahayu et al., 2022). In the context of science, biology and biotechnology, 
materials are included in one of the subjects that require visualization. 

Scientific literacy encompasses more than just mastery of scientific concepts, but also 
the ability to understand, apply, and evaluate scientific information in various contexts (Jerrim & 
Moss, 2019). In biotechnology learning, low levels of scientific literacy are particularly evident 
in contexts where students are required to bridge abstract biological concepts with real-world 
issues, including food security, sustainability, energy, and environmental quality. This requires a 
contextual, interdisciplinary learning approach aligned with sustainability competencies. The 
Science, Technology, Engineering, Arts, and Mathematics (STEAM) approach supports problem-
solving through interdisciplinary integration. STEAM focuses on delivering skill-building 
learning content (Saimon et al., 2025) and helping address real-world problems 
(Atiaturrahmaniah et al., 2022). Meanwhile, ESD (Education for Sustainable Development) is an 
educational framework that aims to develop students' critical awareness of sustainability issues, 
such as climate change, social justice, and sustainable consumption (UNESCO, 2023). ESD 
prepares students to make responsible and sustainable decisions. By implementing ESD, students 
can provide innovative solutions to sustainable environmental problems based on the results of 
their evaluation assessments (Seta et al., 2014). Through ESD, life will achieve better 
sustainability amidst natural limitations, by maintaining a balance of life from a social, economic, 
and of course, environmental perspectives (Kuhlman & Farrington, 2010). The combination of 
STEAM and ESD is a very suitable combination for use in biotechnology materials. However, 
the use of STEAM with AI technology requires the integration of sustainability values, cognitive 
competencies, and practical skills (Howard, 2023). Therefore, the use of artificial intelligence in 
the form of interactive chatbots can be an innovative solution in supporting STEAM-ESD-based 
learning. 

Artificial intelligence, particularly chatbots, offers opportunities to enhance 
personalized learning and guide students through the inquiry process. AI chatbots aid in 
understanding biological concepts, significantly personalizing learning, and helping solve 
problems (Haidir et al., 2024; Puspitawati et al., 2024). Although chatbots have been used in 
science education, existing tools are generally limited to content delivery and have not been 
designed to integrate interdisciplinary STEAM–ESD competencies. The implementation of AI 
chatbot learning in education has not been specifically directed towards UNESCO's Education 
for Sustainable Development (ESDGs) educational goals. A frequently used chatbot, ChatGPT, 
often provides inaccurate, incorrect, and misleading output, sometimes providing answers that 
sound reasonable but are incorrect. Even the website link provided by ChatGPT is unavailable 
(Shuhaiber et al., 2025). In fact, chatbots are currently used in various sectors, including business, 
healthcare, education, etc. (Selamat & Windasari, 2021). Therefore, an AI chatbot with clear and 
guaranteed sources is needed. Furthermore, no previous research has developed an AI-based 
chatbot specifically for biotechnology learning to improve scientific literacy. This creates a clear 
gap. According to Purwianingsih et al., (2022) education is not limited to ESD alone but must 
include a touch of technology and learning that perfectly integrates technology (Rohman et al., 
2024) Therefore, the STEAM approach serves as an alternative in accommodating biotechnology, 
ESD, and chatbots (Gunawan, 2019). The use of artificial intelligence in the form of interactive 
chatbots can be an innovative solution in supporting STEAM-ESD-based learning. Therefore, this 
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study aims to develop and evaluate a STEAM-ESD-based chatbot to improve students' scientific 
literacy in biotechnology learning. The integration of STEAM–ESD into AI chatbots is expected 
to provide a contextual, sustainable, and interactive learning experience that better supports 
students in understanding biotechnology concepts and applying them in real-life decision-making 
and can certainly improve students' scientific literacy skills. 

Based on several studies conducted by Rahayu et al., (2021); Saimon et al., (2023); 
Akram et al., (2023); Muhanditsah et al., (2023); Yusuf et al., (2024); Nabillah & Ridlo, (2024) 
almost none of them discuss the use of STEAM-ESD oriented chatbots. In addition, the selection 
of biotechnology materials is still rarely combined with ESD.. In fact, biotechnology material is 
one of the crucial materials related to the environment. Biotechnology supports 8 of the 17 SDGs 
goals, namely: goal 2: zero hunger, goal 3: healthy and prosperous lives, goal 6: water and 
sanitation, goal 7: clean and affordable energy, goal 9: industry, innovation, and infrastructure, 
goal 12: responsible consumption and production, goal 14: marine ecosystems, and goal 15: 
terrestrial ecosystems (Alisjahbana & Murniningtyas, 2018). By implementing ESD, students can 
provide innovative solutions to sustainable environmental problems from the results of their 
evaluation assessments (Mochtar et al., 2014). Therefore, the novelty of this research is a learning 
tool that utilizes artificial intelligence technology "Chatbot" oriented STEAM-ESD, so that 
education contributes to the environment of current and future generations.  

The chatbot will provide an overview, materials, and concepts related to global issues 
from SDGs 2 and 7 according to the focus of this research. Collaboration between STEAM and 
ESD, assisted by virtual reality, can significantly improve learning outcomes and motivation for 
sustainability (Hsiao & Su, 2021; Hariyono et al., 2023). Chatbots make the teaching and learning 
process more effective and can help develop various skills in learning (Okonkwo & Ade-Ibijola, 
2021; Ramadani et al., 2025; Labadze et al., 2023) one of which is scientific literacy, a basic skill 
in science education (Muhanditsah, 2023). 

Furthermore, another challenge faced in learning biology, particularly biotechnology, is 
the limited classroom time available, which is often insufficient to explore concepts, conduct 
practical work, and relate them to sustainability issues in depth. Teachers also struggle to provide 
learning media that accommodate students' diverse learning needs, particularly for topics 
requiring process visualization, data analysis, and simultaneous contextual understanding. This 
situation is exacerbated by the lack of digital learning resources integrated with the Merdeka 
curriculum and supporting transdisciplinary approaches such as STEAM–ESD. Meanwhile, 
advances in artificial intelligence technology present new opportunities for creating adaptive, 
interactive learning media that provide personalized feedback to students. AI-based chatbots have 
the potential to become learning assistants that not only present content but also guide scientific 
thinking, stimulate reflection, and facilitate sustainable problem-solving. Therefore, developing a 
chatbot specifically for biotechnology is relevant because it can bridge students' need for context-
rich learning. 

The initial stage of this research began with a needs analysis process, followed by 
bibliometric analysis using VOSviewer, with the Scopus database related to educational chatbots 
from 2019-2025. The number of studies focusing on chatbot-based learning in secondary science 
education remains limited. 
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Figure 1. Bibliometric Analysis of Chatbot Research in Education 

 
This research gap highlights the need to explore the potential of chatbots as innovative 

learning media to support students’ scientific literacy. Therefore, this study aims to develop and 
evaluate the effectiveness of a STEAM–ESD-based chatbot learning device to improve students’ 
scientific literacy. 

 
METHODS 

 
Research Design 

 
This study uses a research and development (R&D) design with the ADDIE model 

(Branch, 2009). This study consists of 5 stages: analysis, design, development with validation and 
revision, implementation with small-scale testing for the first revision and large-scale trials, and 
finally evaluation. This study developed an AI chatbot based on STEAM-ESD. The developed 
chatbot has the advantage that all meta.AI data presented is clearly referenced and supports the 
learning process with a STEAM approach combined with sustainable development. This 
advantage has not been created before. This chatbot is named the "Bioteks" chatbot. Students will 
be given an initial literacy ability test to measure their initial abilities, then students will conduct 
practicums related to biotechnology material that supports sustainable development, all activities 
are carried out in the developed chatbot.AI. The chatbot learning tool was developed by analyzing 
the school curriculum, analyzing students, analyzing material concepts, and analyzing objectives 
and tasks in learning, developing tools, implementing, and conducting a final evaluation after 
learning. The treatment design is presented in Figure 2 and the research flow design is shown in 
Figure 3. 

 
Figure 2. Research Treatment Design 
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Figure 3. Learning Process Flowchart with STEAM-ESD Chatbot 

 
The learning flow begins with an introduction to socio-scientific issues (SSI) related to 

environmental management and local economic sustainability. A STEAM-ESD-based chatbot 
serves as a digital learning facilitator, guiding students through project-based biotechnology 
inquiry, discussion, and practical activities. The integration of Education for Sustainable 
Development (ESD) emphasizes environmental responsibility and the value of a community-
based economy. Through biotechnology projects, students engage in interdisciplinary STEAM 
learning. This learning design systematically supports the development of the five PISA scientific 
literacy indicators. 

 
Participants 

The participants of the research were 54 students, in 12th-grade, majoring in biology, 
which consists of 2 classes, namely class XII-A and XII-B, with 25 and 29 students in class. The 
students were divided into 8 groups. Each group included students with relatively higher academic 
performance who served as group coordinators. Each group conducted a practical experiment on 
creating biotechnology products that support continuing education. 

 
Data Collection 

The data collected included validation and effectiveness testing of the developed 
“Bioteks” chatbot learning device. The product developed in this study was limited to 
biotechnology material. The effectiveness of this product was tested on 12th-grade students of 
SMA Negeri 1 Pademawu, Pamekasan. The effectiveness test data collected was students' 
scientific literacy skills. During the data collection process, all instruments used were validated. 
The instruments used consisted of a “Bioteks” chatbot product validation sheet, a teaching module 
validation sheet, a student worksheet validation sheet, and a student science literacy test question 
validation sheet. Validation of all these tools involves learning from media experts, biologists, 
and education and learning experts. 

  
Data analysis 

Product validation data was processed from the validation sheet using a Likert scale. The 
product's validity level was calculated as a percentage by the validator, followed by its reliability. 
The “Bioteks” chatbot product was assessed on a scale of 81-100 (very valid), 61-80 (valid), 41-
60 (fairly valid), 21-40 (less valid), and 0-20 (invalid). The reliability achievement level was 
categorized using four percentage ranges: reliable (76-100), fairly reliable (51-75), less reliable 
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(26-50), and unreliable (0-25). This was then reinforced with Rasch analysis for more accurate, 
objective, and unidimensional measurements. 

The STEAM-ESD chatbot is said to be effective if the analysis uses the N-gain calculation 
in the medium to high category and if t > ttable or probability (sig.) < 0.05, in addition, normality 
and homogeneity tests are carried out to confirm the suitability of the parametric analysis, if the 
data is not normal and homogeneous, an inferential analysis test is carried out using the Mann–
Whitney U test.  

 
 

RESULTS & DISCUSSION 
 

Result 
 

Bibliometric analysis reveals that existing chatbot education research is largely 
concentrated in the context of higher education, with a strong emphasis on system development, 
algorithm validation, and user acceptance. Keywords such as "higher education," "development," 
and "AI chatbot" dominate the research landscape, indicating that most studies focus on 
technological aspects rather than pedagogical outcomes. Notably, clusters related to learning 
impact and comprehensive educational analytics appear relatively small, suggesting a research 
gap in examining chatbot integration within a structured pedagogical framework and its impact 
on students' scientific literacy. Therefore, this study addresses this identified gap by developing 
and implementing a STEAM-ESD-based educational chatbot to improve secondary school 
students' scientific literacy, going beyond technical validation to meaningful learning outcomes, 
particularly at the secondary education level. This is followed by an internal analysis. 

The internal analysis begins with an analysis of the school curriculum, student analysis, 
material concept analysis, and analysis of learning objectives and tasks. The school curriculum 
used is an independent curriculum with a deep learning approach. Students are selected based on 
their interest in biology, as in high school, classes are divided according to student interests. Then, 
a conceptual analysis of the material to be used, namely biotechnology, is conducted. This is 
followed by the development of learning objectives and tasks for the learning process.  

After the analysis process was carried out, the device development process continued, 
namely the creation of a STEAM-ESD-based “Bioteks” chatbot and supporting learning devices 
such as student worksheets, learning flows, and scientific literacy test questions. The relationships 
and indicators used in this study are presented in Table 1. 

 
Table 1. Correlation of indicators in research 

Science Literacy 
Indicators 

STEAM-ESD Student Assignments Chatbot 
Features 

Using various forms of 
representation and 
translating them. 

Science: solving 
real environmental 
problems for 
sustainability. 

solve the problems 
provided and represent 
them. 

Provide reading 
resources that 
can be accessed 
directly. 

Evaluating an appropriate 
experimental design to 
answer a research question. 

Technology: 
access to 
knowledge 
without producing 
paper waste. 

designing solutions to 
biotechnology problems 
and their impact on 
sustainability. 

Provides an 
overview and 
how to design 
work to 
overcome 
problems. 

Interpret the data presented, 
draw conclusions based on 
the data and evaluate their 
relative merits. 

Engineering: 
becoming an agent 
of change capable 
of designing 

design-thinking through 
the creation of 
biotechnology products. 

Directing 
students to 
design 
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Science Literacy 
Indicators 

STEAM-ESD Student Assignments Chatbot 
Features 

sustainable 
solutions. 

sustainable 
research. 

Constructing arguments to 
support sound scientific 
conclusions from a set of 
data. 

Art: 
communicating 
sustainability 
values and 
fostering 
creativity. 

Make a poster about 
how to solve 
environmental problems 
with biotechnology. 

Directing and 
providing a 
place for 
collecting 
posters and 
activity 
documentation. 

Criticizes standard 
weaknesses in science-
related arguments and 
conclusions from limited 
data. 

Mathematic: data-
driven decision 
making and 
resource 
efficiency, which 
is economical, 
effective and 
sustainable. 

Calculate, analyze, and 
evaluate. 

Provide a place 
to collect work 
that is accessible 
to everyone. 

 
All learning devices are very valid and very reliable with percentages as presented in table 

2.  
Table 2. Validation and Reliability of Teaching Tools 

Teaching Tools Percentage (%) 
Bioteks Chatbot 94 
Teaching Module 97 
Student Worksheet 96 
Science Literacy Test Questions 96 

 
The results of the learning device validity analysis, with a score of 94–99%, strengthen 

the credibility of the research instrument, in accordance with the recommendations for educational 
instrument validation by Mohamad et al. (2015). With validity and reliability, the learning device 
is an indicator of suitability and appropriateness for use in biology lessons with a focus on 
biotechnology material to support sustainability education and improve the scientific literacy 
skills of grade XII high school students. The validity analysis was also analyzed using Rasch 
analysis, obtaining the data in Table 3. 

 
Table 3. Rasch Analysis 

MSQN ZSTD CORR. Category 
1.45 2.82 0.17 Valid 
1.20 0.93 0.30 Valid 
1.10 0.42 0.32 Valid 
0.85 -0.17 0.23 Valid 
0.96 -0.10 0.38 Valid 
1.00 0.06 0.39 Valid 
0.98 -0.05 0.45 Valid 
0.75 -1.03 0.46 Valid 
0.72 -1.47 0.52 Valid 
0.86 -0.29 0.41 Valid 
0.79 -0.83 0.48 Valid 

 
Rasch analysis showed that all items of the STEAM-ESD-based scientific literacy 

instrument were in the model fit category, the instrument was declared empirically valid. The 
results showed that all items met the model fit criteria, indicated by the MNSQ Infit and Outfit 
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values ranging from 0.72–1.45, and the PTMEA values were all positive. These findings 
confirm that the instrument has good construct validity. 

The effectiveness analysis shows that the integration of the STEAM-ESD-based 
BIOTEKS chatbot significantly improves students' scientific literacy in biotechnology learning. 
This improvement is evident from the high N-gain scores obtained by both classes, with Class 
XII-1 achieving an average of 0.99 and Class XII-2 achieving 0.77. The difference in pretest 
and posttest scores indicates that scientific literacy skills, which are generally low, improved 
after the treatment and posttest. 

 
Table 4. N-Gain Score Improvement 

Class Pretest 
(Mean) 

Posttest 
(Mean) N-gain Category 

XII-1 3.72 8.44 0.99 High 
XII-2 3.62 7.88 0.77 High 

 
These findings indicate that the chatbot-supported learning process was effective across 

all classes. The results of the Mann–Whitney test can be seen in Table 5. 
 

Table 5. Mann-Whitney U test 
Test U Z p 

Mann–Whitney U 266 –1.285 0.199 
 

The results of the analysis using the Mann–Whitney U test showed that there was no 
significant difference between the scientific literacy scores of students in grades XII-1 and XII-
2 (U = 266; Z = -1.285; p = 0.199 > 0.05). These results indicate that the implementation of the 
developed learning tools had a relatively similar effect on both classes. These findings indicate 
that the STEAM–ESD-based learning tools used were effective and consistent in facilitating the 
improvement of students' scientific literacy, so they can be applied to different classes with 
similar results. 

These findings align with research (Yusup & Kurniawan, 2024) showing that chatbots 
provide positive learning outcomes for groups of students, but are still influenced by variations 
in ability, intrinsic motivation, and other contextual factors. This success is also supported by 
analysis in research by Xu and Ouyang (2022) which states AI tutoring systems can have a 
uniform effect on STEM learning. From a STEAM perspective, the BIOTEKS chatbot 
facilitates the integration of science, technology, engineering, visual arts, and mathematics 
concepts in the context of biotechnology. This type of integration model has been shown to 
increase conceptual connectivity and applicability to real-world problems (Quigley et al., 2019). 
From the ESD side, the chatbot provides context for sustainability issues such as bioenergy, 
food security, and biotechnology ethics, which are proven to increase awareness of the 
sustainability of SDGs 2 and 7. In the learning process, students are directed to solve real 
problems by thinking from the ESD side, namely making biogas from cow dung from students' 
farms, making organic liquid fertilizer from waste tofu which is the first source of seawater 
pollution in Madura, making tempeh from local soybeans, and making banana tape from 
bananas planted in students' rice fields, where almost all of the students' parents work as farmers. 
So the problems solved by students are socio-scientific issues. 

An analysis of each indicator was also conducted to determine which indicator provided 
the most optimal improvement. The analysis of each indicator is shown in Figure 4 below. 
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Figure 4. Analysis of each indicator 

 
 

Discussion 
 

The very high N-gain value in class XII-1 (0.99) and high in class XII-2 (0.77) indicates 
that the chatbot not only functions as a medium for conveying information, but also as a learning 
medium capable of facilitating the construction of deeper knowledge, as also reported by Huang 
et al. (2025) and Pan et al. (2023). The greatest increase occurred in the indicator of the ability 
to interpret scientific representations. This is in accordance with the findings Rahmayani et al. 
(2024) that multiple representations improve concept integration and deeper understanding. The 
BIOTEKS chatbot provides multimedia learning, including videos, quizzes, and visualizations 
of biotechnology processes, which help build a consistent conceptual scheme, as also found in 
Zainal (2024) research regarding the role of visualization in biology learning. This is in line with 
multimedia learning theory (Mayer, 2021), and the findings of Fitriasih et al. (2025) which show 
that multimedia can reduce cognitive load and help understand abstract biotechnology 
processes. However, improvements in representation indicators do not automatically translate 
into similar improvements in higher-order thinking skills, such as designing experiments, 
evaluating experiments, constructing arguments, and justifying scientific decisions. Numerous 
studies confirm that higher-order scientific reasoning requires time, dialogue, and empirical 
experience that cannot be replaced by visual exposure alone (Erduran & Jiménez-Aleixandre, 
2016; Muis et al., 2021). Emphasized that scientific reasoning understanding develops through 
laboratory work, collaboration, and in-depth reflection. This corresponds to findings (Ramli et 
al., 2025) that chatbots tend to strengthen understanding but do not fully stimulate the cognitive 
conflict required for higher-order scientific argumentation. However, the analysis showed 
improvements across treatment classes. Overall, the research results indicate that the 
implementation of the STEAM-ESD-based BIOTEKS chatbot in biotechnology learning 
significantly improves students' scientific literacy. This finding is in line with various studies 
showing that AI-based chatbots are able to improve students' mastery of science concepts, 
metacognition, and self-regulation through adaptive interactions (Waziana et al., 2024; Yin et 
al., 2024). 

The integration of AI and ESD also aligns with the global trend of utilizing technology 
for sustainability learning (Nurwidianti, 2024). Dialogue-based interactions in chatbots provide 
metacognitive support through adaptive questioning, feedback looping, and personalized 
learning rhythms. Research (Cao et al., 2023) shows that chatbots can act as social agents that 
increase motivation and psychological support. Research by Husein et al. (2024) also shows that 
chatbots in the science field significantly improve engagement and understanding. 

The limitations of chatbots in improving scientific argumentation are still evident in the 
results of this research analysis. Various studies also show that argumentation requires dialogue 
between students, negotiation of meaning, and collective, evidence-based reasoning. Admoko 
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et al. (2025) also emphasized that argumentation does not develop optimally in environments 
that provide too many direct answers. This is one of the fundamental limitations of chatbots as 
a substitute for human interaction. Chatbots have proven effective as pedagogical amplifiers 
(Jamil et al., 2021), not as a substitute for active pedagogy. Therefore, the use of chatbots should 
be combined with inquiry-based learning approaches (Rismayanti & Purmadi, 2025), socio-
scientific issues (Rauch & Radmann, 2020), or project-based learning that provides more space 
for argumentation skills. This integration is crucial for improving indicators 2–5, which have 
seen more moderate increases. In terms of practical implications, chatbots help reduce student 
ability gaps (Wang et al., 2024), support personalization (Ch et al., 2025), and strengthen prior 
understanding before laboratory-based learning. This is relevant to the Merdeka curriculum, 
which emphasizes independence and project-based learning.  

Overall, these findings suggest that the BIOTEKS chatbot has strong potential for 
improving scientific literacy, particularly the representation and understanding of biotechnology 
concepts. However, to improve scientific argumentation skills and evidence-based decision-
making, integration with collaborative pedagogy and laboratory experiences is necessary. This 
confirms the chatbot's position as a pedagogical enhancer in STEAM–ESD in 21st-century 
learning. Furthermore, student engagement in project-based activities through the chatbot also 
demonstrates that digital media can enhance collaborative learning processes. These interactions 
not only help students understand biotechnology concepts but also foster a sense of 
responsibility, independence, and ecological awareness, which are essential foundations for 
sustainable education. 

 
 

CONCLUSION 
 

This study shows that the STEAM-ESD-based BIOTEKS chatbot is effective in 
improving students' scientific literacy in biotechnology learning. High N-gain scores indicate 
significant improvements in both classes, while the Mann–Whitney U test showed no significant 
differences between groups, indicating that the chatbot provides consistent learning outcomes 
across classes. These findings highlight the potential of AI-based chatbots as innovative learning 
tools to support interdisciplinary and sustainability-oriented science education. Suggestions for 
future research should explore the long-term impact of chatbot-assisted learning on higher-order 
scientific reasoning and argumentation skills, as well as integrating the use of chatbots with 
collaborative and inquiry-based learning to further optimize the role of artificial intelligence in 
science education. 
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