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ABSTRACT

Aim/Purpose

Background

Methodology

This study aims to map global research trends in Project-Based Learning (PjBL)
and scientific literacy within digitally mediated science education, providing bib-
liometric insights into the development of themes, methodological patterns, and
emerging digital tools.

The acceleration of digital transformation has fundamentally reshaped science
education, demanding a redefinition of scientific literacy beyond content mas-
tery toward the integration of digital competencies, critical thinking, and soci-
osclentific reasoning. In digitally mediated environments, learners must navigate
vast information ecosystems, distinguish scientific evidence from misinfor-
mation, and engage with global sustainability challenges such as climate change.
Although Project-Based Learning (PjBL) is widely recognized as an effective
constructivist approach for fostering inquiry and real-world problem solving,
limited bibliometric evidence comprehensively maps how digital tools and PjBL
collectively contribute to scientific literacy development.

A systematic literature review guided by the PRISMA framework was con-
ducted using Scopus-indexed publications (2019—2024). Bibliometric tech-
niques, including keyword co-occurrence and co-citation analysis using
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VOSviewer, were applied to 141 screened records to identify thematic clusters,
publication trends, and research networks.

This study provides a comprehensive bibliometric landscape that clarifies the in-
tersection between digital competencies and PjBL in advancing multidimen-
sional scientific literacy. It bridges fragmented discussions by integrating the-
matic, methodological, and impact-based analyses.

Results indicate a steady increase in publications linking “scientific literacy” and
“digital literacy,” with PjBL. emerging as a dominant pedagogical strategy. Fre-
quently identified digital tools include digital assessment games, virtual learning
environments, digital comics, simulations, and data-driven inquiry platforms.
Thematic clusters highlight sustainability, socioscientific issues, climate change,
citizenship, critical thinking, and misinformation as central concerns. Digital in-
tegration positively influences cognitive outcomes (conceptual understanding,
inquiry skills, problem-solving) and affective dimensions (motivation and atti-
tudes toward science). However, key challenges include teacher digital compe-
tence gaps, fragmented curriculum integration, sustainability alignment com-
plexity, and insufficient assessment frameworks for higher-order inquiry skills.

Educators should integrate sustainability-oriented inquiry, digital simulations,
collaborative platforms, and structured project-based models within coherent
curricular frameworks. Strengthening teacher professional development in digi-
tal pedagogy and digital-scientific assessment is essential.

Future studies should prioritize experimental and comparative designs to evalu-
ate specific digital tools, develop integrated assessment frameworks for scien-
tific and digital literacy, and expand design-based research across diverse con-
texts. Greater attention to artificial intelligence integration and digital equity is
also recommended.

Strengthening digital scientific literacy supports the formation of informed, re-
sponsible citizens capable of addressing misinformation, engaging in climate
discourse, and making evidence-based decisions in technology-driven societies.

Longitudinal studies examining sustained impacts of digitally integrated PjBL,
Al-supported inquiry models, and cross-cultural comparative analyses are
needed to strengthen evidence-based science education reform.

Keywords scientific literacy, project-based learning, digital literacy, bibliometric analysis,
digital tools, sustainability education, science education, inquiry-based learning,
socioscientific issues

INTRODUCTION

The modern digital era has fundamentally transformed the landscape of science education, where sci-
entific literacy now plays a crucial role in enabling individuals to navigate technological complexities
and make evidence-based decisions (Giri & Paily, 2020; Gultepe & Kilic, 2015). This digital transfor-
mation demands a redefinition of scientific literacy that is no longer limited to mastery of traditional
scientific knowledge, but extends to encompass the integration of digital competencies, critical think-
ing, and problem-solving abilities that empower learners to carefully evaluate scientific information
and engage effectively with technology-driven issues (Hobbs & Tuzel, 2017; Thelma et al., 2024).

Digital transformation has changed how learners and the general public access scientific information.
This technology can also enhance science learning through broader resources and interactive learning
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(Vuorikari et al., 2022). However, scientific literacy in the digital era also presents new challenges,
such as the ability to navigate information between scientific and pseudoscientific data online. Digital
technologies, such as online learning platforms and interactive simulations, can be effective tools for
actively and contextually teaching scientific literacy (Turiman et al., 2012). Social media and online
collaborative tools can provide access to global scientific knowledge and support student collabora-
tion in discussing scientific concepts (Fortus et al., 2022).

Although digital technology offers potential for science learning, challenges to scientific literacy in
the digital era include assessing the validity of online scientific information and gaps in technology
access that can affect digital scientific literacy (Varas et al., 2023). Bibliometric approaches have been
used to analyze research trends in scientific literacy in the digital era, providing insights into research
developments and future directions (Donthu et al., 2021). Further research is expected to highlight
important aspects of digital scientific literacy to support the development of relevant educational pol-
icies.

The internationally developed digital competence framework, specifically the European Commis-
sion’s Digital Competence Framework for Citizens, identifies five main areas of digital literacy com-
petence: information and data literacy, communication and collaboration, digital content creation,
safety, and problem-solving (Vuorikari et al., 2022). This framework has been widely cited and used
in various international studies as a reference for developing digital competencies (Farias-Gaytan et
al., 2023). Recent research shows that digital competence consists of three interrelated dimensions:
the technical dimension encompassing visual literacy, problem-solving, and technological under-
standing; the cognitive dimension, including the ability to read, select, interpret, and evaluate data
while considering the appropriateness and consistency of information; and the ethical dimension em-
phasizing ethical and environmental responsibility in using digital technology (BPIKA, 2024; Falloon,
2020).

Project-Based Learning (PjBL) has emerged as a promising pedagogical approach in education, with
research showing an 80% increase in publications since 2014 (de Andrade Gomes et al., 2024). PjBL
engages learners in an in-depth investigation of complex real-world problems, where they use various
resources and engage in sustained inquiry-based learning activities to produce complete project work
and solve interrelated problems within a given time period (L. Zhang & Ma, 2023). The PjBL ap-
proach aligns with constructivist ideas proposed by John Dewey, who believed that learning is a natu-
ral process that occurs through interaction and reflection on idea-experiences among learners
(Hoesny et al., 2024).

The PjBL approach actively engages learners, enhances their understanding of scientific concepts, en-
courages critical thinking, promotes effective collaborative learning, and ultimately increases their en-
gagement in learning by anchoring it to real-world contexts through learner-centered projects
(Ibrahim, 2025). A recent meta-analysis of 66 experimental or quasi-experimental studies over the
past 20 years demonstrates that PjBL can effectively enhance learning outcomes with large effect
sizes (L. Zhang & Ma, 2023). This study found that PjBL not only improves academic achievement
but also develops higher-order thinking skills and essential 21st-century skills.

Research findings reveal that PjBL significantly enhances key 21st-century skills, including problem-
solving, teamwork, communication, and creativity, as well as increased learner engagement and moti-
vation (Rehman et al., 2024). Bibliometric research on 306 articles published between 2020 and 2024
proves that PjBL is highly effective in developing scientific literacy and 21st-century skills in science
learning. This model encourages learners to engage in real-world inquiry, which significantly en-
hances their ability to understand and apply scientific concepts (Arifin et al., 2025).

The rapid development of digital technology has fundamentally transformed the science education
paradigm in recent years. Educators are now re-evaluating their various teaching methods to cultivate
comprehensive scientific literacy in learners. The integration of digital devices in learning contexts
provides learners with broader access to meaningful learning experiences (Kaldaras et al., 2024).
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Teachers can design digital tools that consider specific learner needs to expand learners’ opportuni-
ties to acquire scientific knowledge. The foundation of scientific literacy through PjBL becomes an
important cornerstone in this educational transformation (Lembens & Krebs, 2025; Silva et al.,
2024).

Recent research has explored the advantages and limitations of digital learning in science education,
including the use of digital simulations, online resources, collaborative learning, personalized learning,
and gamification (Lee et al., 2020). These studies provide evidence that digital learning can signifi-
cantly improve student engagement, motivation, and learning outcomes, although some researchers
have expressed concerns about the technology's potential to replace traditional teaching methods and
reduce social interaction (Melgaard et al., 2021). In this regard, digital learning tools effectively meet
the diverse needs of learners, facilitate access to personalized feedback, and thus foster the develop-
ment of self-regulation skills essential for academic success (Maier & Klotz, 2022; Mendoza &
Wagner, 2025; Stalmach et al., 2024).

Furthermore, a bibliometric analysis of the Scopus database for the period 2019-2023 revealed a sig-
nificant increase in publications integrating digital technologies in science education. Technologies
such as augmented reality (AR), virtual reality (VR), and blended learning environments have trans-
formed learning to be more interactive, personal, and accessible (Arifin et al., 2025). Bibliometric
analyses of 1,338 publications over ten years document accelerated growth in Al-related science edu-
cation research after 2019, with robotics, chatbots, and machine learning frequently applied to in-
quiry-based, project-based, blended, and cooperative pedagogy, with results related to greater engage-
ment, scientific literacy, and inquiry skills (Jia et al., 2024; Kavitha & Joshith, 2024).

Bibliometric research on artificial intelligence literacy shows an exponential growth trend in publica-
tions, indicating increased academic interest and influence in this field, with an average of 15.04 cita-
tions per document (Dalky et al., 2025). These findings confirm that digital literacy, including Al lit-
eracy as an emerging construct, has become a major focus in contemporary educational research.

Although scientific literacy in the digital era and PjBL are recognized as having strategic importance,
further clarity is still needed regarding the integration of digital skills into current PjBL science educa-
tion programs (Mardiana, 2024; Turiman et al., 2012). Traditional curricula often prioritize the deliv-
ery of content knowledge while neglecting opportunities to incorporate digital devices that can
deepen learners’ understanding of scientific concepts. Furthermore, many educators lack the training
to seamlessly integrate digital literacy into their PjBL practices, thereby posing significant challenges
to holistically nurturing learners’ scientific literacy (KKorneeva et al., 2022). The persistence of the digi-
tal divide exacerbates these challenges, educators’ resistance, and the need for ongoing professional
development (Arifin et al., 2025).

Although several PjBL-related studies have used systematic reviews and bibliometrics, none have
combined PRISMA, bibliometrics, and network analysis to conduct a comprehensive assessment of
global publications on PjBL (de Andrade Gomes et al., 2024). Existing research has largely focused
on knowledge acquisition, inquiry-based learning, and critical thinking in conventional science educa-
tion paradigms, with limited exploration of how PjBL, when integrated with digital tools, contributes
to scientific literacy in contemporary educational environments. Furthermore, although individual
digital devices have been studied for their efficacy, there is a scarcity of bibliometric analyses offering
a comprehensive overview of trends, impacts, and thematic developments in the integration of pro-
ject-based learning with digital tools to enhance scientific literacy, particularly in the digital realm
(Bidarra & Rusman, 2017; Hobbs & Tuzel, 2017). This gap becomes increasingly crucial given the
rapid evolution of digital technology and its impact on project-based science pedagogy.

This study addresses these gaps by conducting a bibliometric analysis of recent research on project-
based learning and scientific literacy in the context of the digital era. This research aims to describe
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emerging themes, highlight prevalent digital tools and methodologies associated with PjBL and scien-
tific literacy, evaluate research collaboration patterns and thematic evaluation, and explain the rela-
tionship between digital competencies, project-based learning, and scientific literacy by examining
trends and impacts across various studies. This holistic examination aims to equip educators and pol-
icymakers with insights into the current landscape of PjBL integration with digital tools for scientific
literacy, enabling them to adopt more effective and evidence-based teaching strategies (Costas et al.,
2015; Gonzalez-Zamar et al., 2020).

The impetus for this research stems from the urgent need to foster a generation capable of making
informed decisions in an interconnected, technology-driven world. With educational reforms focused
on 21st-century skills, many scholars have explored PjBL but have yet to reach consensus on its ef-
fectiveness in enhancing learning (L. Zhang & Ma, 2023). As technology continues to shape indus-
tries and public discourse on scientific issues, the development of digital scientific literacy through
the PjBL approach becomes an imperative that cannot be delayed (Thelma et al., 2024; Tran et al.,
2020).

The main objective of this research is to conduct a bibliometric analysis to understand trends and im-
pacts in scientific literacy research through digital environments. Specific objectives include: (1) iden-
tifying key themes, trends, and important digital devices in current scientific literacy literature; (2)
evaluating the influence of digital integration on learners’ scientific literacy outcomes; and (3) provid-
ing recommendations for educators and policymakers on effectively implementing digital skills to en-
hance scientific literacy in the context of 21st-century learning.

This study is important because it provides a comprehensive overview of project-based learning
trends and scientific literacy in the digital era, addressing crucial gaps in the existing literature. By
highlighting current themes and global collaboration patterns, and by recommending effective strate-
gles, this research promotes an integrated approach to scientific literacy that combines content
knowledge with digital competencies through the PjBL approach. The insights gained offer valuable
guidance for curriculum developers, educators, and policymakers in designing educational initiatives
that better prepare learners to face the challenges of the digital era (Arifin et al., 2025). Additionally,
the bibliometric methodology used in this study facilitates a broader understanding of research pat-
terns, international collaboration networks, and thematic trends that guide future inquiry and im-
prove project-based science education through the integration of digital tools.

BACKGROUND

DIMENSIONS AND FRAMEWORK OF CONTEMPORARY SCIENTIFIC LITERACY

Scientific literacy encompasses understanding scientific concepts and their application in daily life,
along with critical thinking and problem-solving abilities (OECD, 2019). In the digital era, scientific
literacy has become increasingly important alongside rapid technological development and ease of
access to information through the internet. Chu et al. (2016) emphasize that scientific literacy not
only encompasses understanding scientific concepts but also evaluating scientific information and
distinguishing valid information from misleading information, especially in information-rich digital
environments.

To comprehensively understand scientific literacy, it is essential to review the key dimensions that
constitute it. Figure 1 presents several important dimensions of scientific literacy relevant in the edu-
cational context. First, scientific literacy includes understanding the nature of scientific knowledge,
including awareness of the processes of development, testing, and modification of science over time
(Norambuena-Meléndez et al., 2023). Second, scientific literacy involves the use of scientific methods
in problem-solving and decision-making, skills that are critically important in facing everyday envi-
ronmental and technological challenges (Gizaw & Sota, 2023). In the educational context, this ability
helps students build a deep understanding of the universe through observation, experimentation, and
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data analysis. Moreover, scientific literacy also encompasses the development of skills related to sci-
ence and technology (S&T), such as the ability to analyze critically and creatively, which are needed to
interact effectively in today’s technology-based society (Korneeva et al., 2022).

Understanding

the nature i
of scientific ) U?'”g the
knowledge scientific process

in the resolution of
problems, decision-
making and building
an understanding of
the universe

Interactions with
the values guiding
science

Scientific
Literacy
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competences
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scientific concepts,
theories and laws in
interactions with the
universe

Figure 1. Dimensions of scientific literacy, adapted from Hurd (1998)

Another important aspect of scientific literacy is the application of scientific concepts, theories, and
laws in interactions with the universe. This helps strengthen learners’ understanding of the intercon-
nections between scientific theory and its application in real situations (Anuar, 2025). Furthermore, it
is also important to interact with the values that guide science, where students are expected to de-
velop an understanding of ethics and integrity in scientific practice (Vasquez & Atwood, 2023). This
approach helps learners build attitudes that reflect responsible and ethical scientific practice. Under-
standing the relationship between science, technology, and society is also an important aspect that
needs to be developed, so that learners not only appreciate the contributions of science and technol-
ogy but also understand their implications for society, including in the context of socioscientific is-
sues which demonstrate that the integration of digital skills in science education not only enhances
scientific literacy but also forms a deeper understanding of the social implications of scientific pro-
gress and technological applications (Bossér, 2024; Litina & Rubene, 2024).

Moreover, promoting lifelong science education is essential, as scientific literacy is not limited to the
school environment but is a skill that must be enhanced throughout life (Saftrizal et al., 2022). With
these dimensions, scientific literacy is expected to help individuals participate effectively in a society
increasingly dependent on science and technology. The development of scientific literacy in second-
ary education is crucial because at this stage, learners begin to form a critical understanding of the
world, preparing them to become knowledgeable and responsible citizens.

In the context of this science education transformation, digital literacy becomes a fundamental com-
petency that learners must master to implement the dimensions of scientific literacy previously ex-
plained. Digital literacy is defined as the ability to access, manage, understand, integrate, communi-
cate, evaluate, and create information safely and appropriately through digital devices and network
technologies to participate in economic and social life (UNESCO Institute for Statistics, 2025). This
concept has evolved beyond merely technical skills in operating digital devices to encompass
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competencies variously referred to as computer literacy, ICT literacy, information literacy, and media
literacy (Farias-Gaytan et al., 2023; UNESCO & Institute for Statistics (UIS), 2025). Given the com-
plexity of higher education institutions, digital literacy requires higher-level competencies, such as
reasoning about complexity, which are essential for the development of critical, systemic, scientific,
and innovative thinking (Farias-Gaytan et al., 2023).

METHODOLOGY

This section outlines the methodological approach employed to address the research questions. The
study adopts a bibliographic literature review approach guided by the PRISMA framework to ensure
transparency and replicability. The methodology is organized into several stages: formulation of re-
search questions, data collection, screening, coding, quality appraisal, synthesis, and interpretation of
findings.

RESEARCH QUESTIONS

Therefore, this article aims to conduct a bibliometric analysis of research on scientific literacy in sci-
ence education for the digital era from 2015 to 2024. In doing so, it is hoped that this article will pro-
vide a comprehensive overview of the development of this research and its implications for science
teaching and guide future research directions. Five research questions were formulated to guide this
study, as presented in Table 1.

Table 1. Research questions of the study

RQ Research question Description
What are the primary themes and trends in | Examines dominant research themes and
RQ1 | scientific literacy research within the emerging trends linking scientific and
context of the digital era? digital literacy in science education.
What digital tools and methodologies are Identifies instructional tools and
RQ2 commonly used to develop scientific pedagogical approaches employed to
literacy in modern science education? enhance scientific literacy through digital
integration.
What are the impacts of digital literacy Analyses reported effects on students’
RQ3 integration on students’ scientific literacy scientific literacy, including critical
outcomes? thinking and problem-solving skills.
What challenges do educators face in Explores pedagogical, technical, and
RQ4 integrating scientific and digital literacy in contextual challenges encountered by
science education? educators.
What are the future directions and Synthesizes future research agendas and
RQ5 recommendations for enhancing scientific | policy recommendations in the field.
literacy through digital tools in science
education?

DATA COLLECTION

A systematic literature review is a research approach used to identify, evaluate, and synthesise rele-
vant studies related to specific research questions within a defined topic or phenomenon (Veginadu
et al., 2022). In this study, the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) framework was used to ensure transparency, rigour, and replicability in the selection and
screening of studies (Selcuk, 2019). To structure the review process, the methodological stages pro-
posed by Lame (2019) were adopted. As recommended, the research questions (RQs) are presented
in this Methodology section, as they directly guided the data identification, screening, and analysis
procedures.



Mapping Trends in Project-Based Learning and Scientific Literacy

(1) Formulate research questions (RQs) and conceptual framework

The first stage involved the formulation of clear research questions that defined the scope and analyt-
ical focus of the review. The RQs were designed to capture key themes, methodological approaches,
impacts, challenges, and future directions of scientific literacy research in the digital era. These ques-
tions also served as the foundation for developing the conceptual structure of the review, particularly
in relation to digital tools, pedagogical strategies, educational outcomes, and implementation chal-
lenges in science education. Based on this focus, five research questions were formulated, as pre-
sented in Table 1.

(2) Search and screen for inclusion with eligible criteria

A systematic search was conducted in the Scopus database to identify relevant peer-reviewed journal
articles addressing scientific literacy in the context of the digital era. Scopus was selected due to its
extensive coverage of high-quality international journals and its compatibility with bibliometric analy-
sis tools. The search strategy employed predefined keywords combined with Boolean operators, in-
cluding “scientific literacy”, “science education”, and “digital literacy”, applied to the TITLE-ABS-
KEY fields.

The inclusion criteria comprised: (a) peer-reviewed journal articles, (b) studies focusing on scientific
literacy and digital literacy within science education contexts, (c) publications published between 2019
and 2024, and (d) articles written in English and available in open-access form. The exclusion criteria
included: (a) non-English publications, (b) conference papers and non-journal publications, (c) stud-
ies conducted outside science or digital education contexts, and (d) articles lacking empirical or ana-
Iytical relevance to the research questions. The initial search yielded 141 records. These records were
screened based on titles and abstracts to assess their relevance to the research questions. The detailed
search criteria and screening process are summarised in Table 2.

Table 2. Search strategy and eligibility criteria

Aspect Description

Timeframe 2019-2024

Databases Scopus

Searching strings TITLE-ABS-KEY (“scientific literacy” AND “science education”)

Inclusion criteria Peer-reviewed journal articles; focus on scientific and digital literacy in
science education; English; open access

Exclusion criteria Non-English publications; conference papers; studies outside science or
digital education; articles without empirical or analytical relevance

Total record 141

(3) Coding and conceptual mapping

Each study selected for full-text review was systematically coded using a predefined conceptual
framework. The coding categories included themes such as digital tools in science education, instructional
and pedagogical methodologies, learning ontcomes related to scientific literacy, and challenges faced by educators. This
coding process enabled structured comparison across studies and facilitated thematic synthesis
aligned with the research questions.

(4) Quality appraisal

A quality appraisal process was applied to ensure the inclusion of methodologically sound and rele-
vant studies. Each article was evaluated based on: (a) methodological rigour, (b) relevance to the re-
search questions, and (c) clarity and credibility of reported findings. Studies that did not meet these
criteria or lacked a clear connection to the study’s conceptual focus were excluded from further anal-
ysis.
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(5) Synthesis of the selected studies

The coded studies were synthesised to identify key patterns, themes, and research trends in scientific
literacy within the digital era. The synthesis was guided by the research questions and organised
around major thematic categories. In addition to thematic synthesis, bibliometric indicators such as
publication trends and citation frequencies were analysed to provide insights into the development
and impact of research in this field over time.

(6) Interpret and communicate the findings

The findings were interpreted in relation to the research questions to generate an integrated under-
standing of how scientific literacy and digital competencies are addressed in contemporary science
education. The synthesis highlights key challenges, pedagogical opportunities, and future research di-
rections relevant to educators, researchers, and policymakers. The overall review process and study
selection stages are illustrated through a PRISMA flow diagram, presented in Figure 2.

Identification of studies via databases and registers
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Figure 2. PRISMA flow diagram of the bibliographic literature review process
(Page et al. (2021), used with permission)

RESULTS

This section presents the results of the bibliographic analysis organised according to the research
questions (RQs). The findings include publication and citation trends, thematic structures identified
through keyword co-occutrence analysis, and methodological patterns related to digital tools and sci-
entific literacy in science education.
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RQ1: WHAT ARE THE PRIMARY THEMES AND TRENDS IN SCIENTIFIC
LITERACY RESEARCH WITHIN THE CONTEXT OF THE DIGITAL ERA?

Figure 3 illustrates the annual distribution of publications and citations related to scientific literacy
research from 2019 to 2024. The results indicate a general upward trend in publication output, re-
flecting growing academic interest in scientific literacy within the digital era. The number of publica-
tions increased steadily from 11 articles in 2019 to a peak of 27 articles in 2022, before stabilising at
approximately 25 publications per year in 2023 and 2024. In contrast, the total number of citations
shows a declining pattern after 2021.

While citation counts peaked in 2020, a noticeable decrease was observed in subsequent years. This
pattern should be interpreted with caution, as newer publications typically take time to accumulate
citations, and citation counts in recent years often reflect references to eatlier foundational studies
rather than to more recent works. Therefore, the observed decline is likely attributable to the tem-
poral dynamics of citation accrual rather than a reduced scholarly impact of recent research.

Overall, the results suggest that scientific literacy research in the digital era is an expanding field, with
increasing publication activity, while citation patterns reflect expected delays in citation accumulation
for newer studies.
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Figure 3. The year-based trend of included publications and citations

To explore thematic structures, keyword co-occurrence analysis was conducted using VOSviewer, a
bibliometric visualisation tool that generates network maps based on the frequency and co-occutr-
rence of keywords. In these maps, node size represents keyword frequency, distances indicate relat-
edness, and clusters reflect thematic groupings within the research field.

The keyword co-occurrence analysis (Figure 4) reveals “scientific literacy” as the most central and
dominant theme. Closely connected to this core theme is “digital literacy”, highlighting a strong re-
search focus on integrating digital competencies into science education. This reflects the increasing
recognition that scientific literacy in the digital era requires not only content knowledge but also digi-
tal skills.

Additional clusters reveal the prominence of socioscientific issues, critical thinking, and sustainability-
related topics, indicating that scientific literacy research is increasingly addressing complex social and
environmental challenges, such as climate change and misinformation. These themes position scien-
tific literacy as a foundation for informed citizenship rather than solely academic achievement. The
second cluster, blue and green, links the term “digital literacy” closely to science literacy, indicating a
significant research trend toward integrating digital skills into science education. This trend reflects

10
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the need for scientific understanding to include digital competencies, in line with the demands of the

digital age (Mardiana, 2024).
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Figure 4. Co-occurrences for keywords in 2015-2024

The presence of “socioscientific issues” and “critical thinking” as the next cluster (purple) in red
highlights the trend to address complex social and environmental issues through science education.
These themes demonstrate the role of science literacy in understanding and debating issues such as
climate change and fake news, which are increasingly relevant in a digital age where information is
abundant and often misleading. The “ethnoscience” cluster, positioned on the far right, shows the
focus on culturally relevant science education. Ethnoscience is concerned with integrating indigenous
knowledge and local practices, which may be a response to a globalized digital world in which diverse
cultural perspectives require recognition in scientific literacy (Sumarni et al., 2020).

Terms such as nature of science, philosophy of science, and argumentation (in orange and pink clus-
ters) highlight the importance of understanding the processes and fundamentals of science. This
trend reflects the digital age need for deeper critical engagement with science, where students not
only absorb information but also understand scientific reasoning and construct arguments (Napal et
al., 2020). The orange cluster refers to education and pre-service teacher research, indicating an inter-
est in training future educators to teach science literacy more effectively. In this context, teachers
who are proficient in using digital technologies and modern teaching methods to strengthen students
scientific understanding are needed (Kroksmark, 2015).

>

Within the green and blue groups, terms such as “climate change” and “citizenship” strongly high-
light the importance of science literacy in advancing informed citizenship. In the digital age, science
literacy plays an important role in helping citizens understand and respond to pressing climate issues,
especially as these topics are increasingly shared and discussed widely online (Tasquier et al., 2022).
The existence of smaller gray areas under the terms ‘fake news’ and ‘accessibility’ illustrates the
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serious challenges of misinformation in a digital context. This emphasizes the importance of research
on scientific literacy to counter the spread of misinformation and ensure that scientific knowledge is
accessible to all levels of society (Maia et al., 2021).

“Online” and ‘Curriculum Integration’ refer to efforts to incorporate digital learning into the curricu-
lum, especially through online platforms. This reflects the adaptation of science education to fit the
digital environment, making science learning more flexible and accessible (Serrano-Estrada et al.,
2023). Assessment and Attitudes towards Science demonstrate the importance of evaluating the ex-
tent to which science literacy goals are achieved and of understanding students’ views on science.

In the digital age, assessment of digital and science literacy competencies is critical to improving edu-
cational outcomes (Silva et al., 2024). Overall, this visualization shows that science literacy research in
the digital age covers a wide range of themes, from aspects of digital and scientific competence to
critical evaluation of culturally relevant socioscientific and educational issues. The focus on topics
such as fake news, climate change, and ethnoscience demonstrates the need to develop a critical and
culturally sensitive understanding of science in a digitally evolving world. This holistic approach is a
step towards scientific literacy that involves scientific content knowledge, digital skills, critical think-
ing, and cultural awareness, thus preparing individuals to thrive and actively participate in society.

RQ2: Wrar Dicrrar Toors AND METHODOLOGIES ARE COMMONLY
USED 1O DEVELOP SCIENTIFIC LITERACY IN M ODERN SCIENCE
EDUCATION?

To address RQ2, publications containing the keywords “scientific literacy”, “science education”, and
“digital” were examined, resulting in a focused cohort of five highly relevant studies published be-
tween 2019 and 2024. The bibliometric results (Figure 5) indicate a strong association among scien-
tific literacy, PjBL, digital learning environments, and technology-supported inquiry. PjBL emerges as
a dominant pedagogical approach through which experiential and digital tools are operationalised to
foster scientific literacy. Digital assessment games, digital learning systems, virtual learning environ-
ments, and interactive media are frequently reported as tools supporting PjBL-oriented science in-
struction.
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Figure 5. Relationship between keywords and co-citation
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Bibliometric analysis can help identify the most cited articles that are considered influential in the de-
velopment of digital scientific literacy. From these 5 articles, we can find out which digital tools or
platforms are often recommended. These articles also discuss how to implement these tools in the
science learning process, providing insight into best practices for developing scientific literacy. From
the Co-Occurring Keywords and Co-Citation analysis, we can categorize digital tools based on their
main function in developing scientific literacy. Table 3 shows the approach and grouping of digital
tools based on Co-Occurring Keywords and Co-Citation. As summarised in Table 3, these tools are
commonly used to promote active engagement, inquiry, and real-world problem-solving, key charac-
teristics of project-based and experiential learning approaches that align with contemporary science
education goals.

Table 3 shows that certain digital tools and methodologies have played an important role in develop-
ing scientific literacy in the digital era. The trend toward using digital assessment games, digital learn-
ing systems, digital learning environments, digital media, and digital technology can be explained as
part of the effort to improve students’ understanding of scientific concepts and to prepare them to
think critically about scientific information in the digital world.

Table 3. List of proposals classified by co-occurring
keywords, co-citation, methodology, and digital tools

Proposal title Author Keywords : C(.)- Method Digital
(year) citations tools

An Evaluation of | (Silva et educational 0 Educational de- digital
the Experimental | al., 2024) | design research; sign research assessment
Science Teaching educational methodological games
Program for resources; approach based
Primary primary on iterative cycles,
Education from education; with the collabo-
the Teachers’ science teaching ration of a multi-
Perspective: An disciplinary team
Educational (e.g., teachers, re-
Design Research searchers, and
Journey children)
The Effect of (Litina & | digital literacy; 0 Review to under- | digital
Digital School Rubene, digital school stand the impact | learning
Culture on 2024) culture; science of djgital school systems
Science education; culture on stu-
Education and scientific dents’ scientific liter-
Scientific Literacy: literacy; scoping acy and science ed-
A Scoping review ucational out-
Review comes.
Unveiling (Graichen | accessibility; 0 Experimental in- | digital
Potential: etal., digital learning structions devel- learning
Fostering 2024) environments; oped, and how environment
Students’ Self- experimental these two con-
Concepts in instructions; cepts, accessibility
Science inclusion; and self-concept
Education by science for all;
Designing scientific
Inclusive literacy
Educational
Settings
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Proposal title | 00O Keywords  Co- Method Digital
(year) citations tools
Digital comic (Fitria et | digital comics; 4 Using quasi- digital media
teaching al., 2023) | living things; experimental
materials: Their science research methods
role is to enhance learning; with a two-group
students’ literacy scientific pre-/post-test
on organism literacy design
characteristic
topic
Socioscientific (Elam et | Actor-network 11 This teaching digital
issues via al., 2019) | theory; innovation, called | technology
controversy citizenship controversy
mapping: bringing education; mapping, has been
actor-network controversy pioneered in
theory into the mapping; digital various higher
science classroom technology; education
with digital interdisciplinary contexts before
technology science being adapted for
education; school education.
socloscientific Experimenting
issues with controversy
mapping in a
Swedish science
class raised both
conceptual and
practical issues.

RQ3: WHAT ARE THE IMPACTS OF DIGITAL LITERACY INTEGRATION ON
STUDENTS’ SCIENTIFIC LITERACY OUTCOMES?

The bibliometric map in Figure 6 shows strong thematic connections among scientific literacy, digital
tools, and student learning outcomes. The findings suggest that integrating digital literacy supports
students’ conceptual understanding, critical thinking, and problem-solving abilities by enabling inter-
active exploration, data analysis, and visualisation of scientific phenomena.

In addition to cognitive outcomes, digital learning environments are associated with positive student
attitudes and motivation toward science, which are important mediators of learning outcomes. These
results indicate that digital literacy integration contributes to both cognitive and affective dimensions
of scientific literacy development.

The relationship between digital tools and scientific literacy suggests that digital tools are actively
used in science education, which may improve student learning outcomes. The use of digital plat-
forms, such as apps and interactive devices, allows students to explore scientific concepts more inter-
actively and in-depth. This direct student engagement with digital tools makes learning more dynamic
and helps students retain and apply scientific concepts better. The relationship between digital liter-
acy and scientific literacy suggests that integrating digital skills into science education can improve
students’ understanding of scientific concepts. With digital tools, students can visualize complex phe-
nomena, simulate experiments, and analyse data, which helps deepen their understanding of science
topics. For example, digital apps and simulations can make abstract scientific ideas more concrete,
aiding conceptual understanding.
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Learning analytics and meta-analysis are linked to science education, which implies a focus on data-
driven insights into student performance (Redman et al., 2021). By using digital tools that involve
data analysis, students develop critical thinking skills and problem-solving abilities (Behera et al.,
2023). Engaging elements of digital literacy, such as data interpretation and analytical thinking, pro-
mote scientific reasoning as students learn to make evidence-based decisions and draw conclusions.
The bibliometric map also shows student attitudes towards science and student learning outcomes as
part of the science education network. It shows that digital literacy not only supports cognitive out-
comes but also influences students’ attitudes towards science. Digital learning environments often
feel more familiar to students, fostering positive attitudes towards science subjects and increasing
motivation and curiosity (Hobbs & Tuzel, 2017). These better attitudes correlate with better learning
outcomes, as students become more likely to engage in scientific exploration.
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Figure 6. Main topic on scientific literacy in
science education for the learning outcomes

RQ4: WeAT CHALLENGES DO EDUCATORS FACE IN INTEGRATING
SCcIENTIFIC AND DIGITAL LITERACY IN SCIENCE EDUCATION?

The analysis of 32 publications related to implementation challenges (Figure 7) shows that scientific
literacy is closely linked to teacher competence, sustainability education, and curriculum alignment.
Sustainability appears as a recurring challenge because effective scientific literacy instruction increas-
ingly requires students to engage with complex environmental issues such as climate change and sus-
tainable development.

Educators face challenges related to limited pedagogical competencies, assessment of complex skills
(e.g., project-based scientific inquiry), and curriculum integration of sustainability-oriented digital
content. These findings suggest that sustainability is not an isolated theme, but rather a contextual
demand that intensifies the complexity of scientific and digital literacy integration.

In this figure, there are three main clusters that illustrate the relationship of relevant concepts. The
green clusters show the close relationship between literacy, scientific knowledge, and sustainability.
Within these clusters, concepts such as “sustainability”, “literacy,” and “knowledge” illustrate the
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relationship between scientific literacy and sustainability issues, especially in the context of secondary
education. At the secondary education level, teaching scientific literacy related to sustainability aims
to equip students with the analytical and problem-solving skills needed to understand and deal with
environmental issues (Bateman et al., 2021; Salinas et al., 2022). Scientific literacy-based teaching
teaches students not only scientific facts, but also scientific ways of thinking, such as analyzing data,
conducting experiments, and evaluating solutions from multiple perspectives, including their impact
on sustainability (Viljataga & Mettis, 2022). A key challenge in integrating scientific and digital liter-
acy is ensuring students understand sustainability issues, which requires a thorough understanding of
scientific knowledge and environmentally relevant actions (Fitria et al., 2023).
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Figure 7. Main topic on scientific literacy in
science education for the challenges for educators

The red cluster focuses on interconnected teaching and teacher competencies. This suggests that ef-
fective teaching in scientific and digital literacy requires specific competencies from educators, includ-
ing the ability to apply inquiry-based methods that encourage students to think critically and analyti-
cally (Mierdel & Bogner, 2019; G. Zhang et al., 2022). The lack of these competencies is a challenge,
especially when assessing complex skills, such as project-based scientific literacy (Romano et al.,
2021). The blue cluster covers aspects of educational development and environmental issues, such as
“climate change” and “sustainable development,” suggesting that scientific and digital literacy should
be linked to global environmental issues to foster students’ understanding of how science impacts
sustainability. A key challenge in this cluster is alighing curricula with environmental issues that often
require an integrated scientific and digital approach. Adapting curricula to address issues such as cli-
mate change requires developing broader content and teaching methodologies (Bossér, 2024). Ovet-
all, the analysis shows that the challenges of integrating scientific and digital literacy in science educa-
tion include developing teacher competencies, adjusting curricula, and evaluation methods that can
effectively measure students’ scientific understanding and skills. Efforts to address these challenges
are important to ensure holistically integrated scientific and digital literacy in students.

RQ 5: WHAT ARE THE FUTURE DIRECTIONS AND RECOMMENDATIONS
FOR ENHANCING SCIENTIFIC LITERACY THROUGH DIGITAL TOOLS IN
SCIENCE EDUCATION?

The bibliometric analysis (Figure 8) indicates that future research should focus on integrating digital
tools with sustainability-oriented science curricula, inquiry-based learning, and teacher professional
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development. Digital simulations, virtual laboratories, and data-driven inquiry platforms are high-
lighted as promising tools for enhancing students’ engagement with real-world scientific challenges.
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Figure 8. Main topic on scientific literacy in science education for the digital era

Science literacy encompasses one’s ability to understand and use scientific concepts in everyday life.
The presence of “curriculum” and “inquiry-based” clusters indicates a trend towards curricula that
emphasize critical thinking and hands-on inquiry. In the future, educators need to design curricula
that combine scientific literacy with digital inquiry tools, such as virtual experiments, online research
databases, and collaborative platforms (Mardiana, 2024). This approach allows students to develop
digital research skills and apply them to scientific questions, thus improving their understanding of
scientific concepts.

The bibliometric map highlights “teacher competence” and “teaching’ as important elements. The
development of digital literacy among educators is critical because of their key role in implementing
and guiding digital tools in science classrooms (J. Zhang & Yu, 2022). Professional development pro-
grams should be expanded to equip teachers with digital competencies, including the use of educa-
tional software, data analysis tools, and online collaboration platforms (Althubyani, 2024). This train-
ing ensures that teachers can effectively integrate digital resources in their instruction to improve sci-
entific literacy. The map also shows “comparative studies” and “experimental studies” as significant
nodes, indicating the need for rigorous research design. The way forward should involve more com-
parative and experimental studies to assess the effectiveness of specific digital tools in improving sci-
entific literacy. By identifying the effectiveness of digital tools in different contexts, these studies can

guide evidence-based policy and recommendations for digital integration in science education
(Schiffl, 2020).

The “assessment methods” node indicates the need for further research on the evaluation of digital
and scientific literacy skills. Future research should explore new assessment frameworks that measure
scientific understanding and digital skills. Digital assessments that involve data analysis, online re-
search, and problem-solving can provide a deeper understanding of students’ abilities in digital and
scientific contexts (Rohm et al., 2019). One important step is to integrate sustainability and climate
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topics into science education through digital tools, design curricula that emphasize digital and scien-
tific inquiry, strengthen teacher training programs in digital literacy, and conduct more experimental
and comparative studies to improve evidence-based approaches.

Furthermore, the prominence of assessment-related keywords suggests the need for innovative evalu-
ation frameworks that capture both scientific and digital literacy competencies. Overall, future re-
search should prioritise experimental and comparative studies to strengthen evidence-based practices
in digital science education.

CONCLUSIONS

This bibliographic analysis highlights a clear shift in contemporary science education research toward
integrating digital competencies with scientific literacy. Consistent with international literature, recent
studies increasingly conceptualise scientific literacy not merely as content knowledge, but as a multi-
dimensional capacity that includes critical evaluation, socioscientific reasoning, and responsible citi-
zenship in digitally mediated contexts.

Although publication output has increased, the decline in citation rates observed in recent yeats
should be interpreted cautiously, as newer studies require time to accumulate scholatly impact. Nev-
ertheless, this pattern raises important questions about the translation of research insights into sus-
tained educational practices and their long-term influence on science education.

The synthesis further reveals a persistent gap between conceptual discussions and practical imple-
mentation. While digital literacy and socioscientific issues are widely acknowledged, integrative learn-
ing models that connect scientific literacy and digital skills in authentic contexts remain limited. This
gap is particularly consequential given global challenges such as misinformation, climate change, and
complex socio-environmental decision-making, which demand that learners engage critically with sci-
entific information in digital spaces.

Key challenges identified include limited interdisciplinary integration, insufficient teacher professional
development, and fragmented curriculum designs that fail to align scientific, digital, and media liter-
acy. Addressing these issues requires coordinated and systemic efforts rather than isolated pedagogi-
cal interventions.

Accordingly, this study emphasises the need for collaboration among educators, policymakers, curic-
ulum developers, and technology experts to create coherent educational ecosystems. Aligning science
curricula with digital literacy and critical thinking, strengthening teacher professional development,
and adopting interdisciplinary instructional frameworks are essential for empowering learners as in-
formed and responsible citizens. Future research should extend beyond bibliographic analyses toward
empirical and design-based studies to evaluate the effectiveness of such integrative approaches across
diverse educational contexts.
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