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Personalized Learning and Innovative Teaching Approaches

Introduction

The rapid increase in digital technologies in today’s century has brought about rapid chang-
es in many areas. Significant advances have been made in education, particularly with the
integration of information and technology. These developments have led to the redesign of
learning environments. This design has particularly manifested itself within the framework
of conceptual depth and applied learning. Within this framework. students” individual learn-
ing needs come into play. This is particularly evident in areas such as science education
(Komalawardhana and Panjaburee, 2024; Salas-Pilco et al.. 2022). Here, with the concept of
personalized learning, needs can vary depending on students’ learning pace, prior knowledge
levels, interests, and learning styles. These needs are supported by differentiated content and
methods (Hardaker & Glenn, 2025).

Artificial intelligence, a technology found among today’s technologies, has also significantly
increased its impact on personalized learning. Technologies such as smart tutoring systems.
learning analytics, and machine learning can critically analyze student behavior. This allows
for the proper management of individual learning paths and instructional processes (Dong et
al. 2022). These technologies have been reported to serve many areas. including visualizing
abstract concepts and modeling problem-solving processes (Ozdemir & Unal, 2025).

Al-based applications are transforming not only students’ learning experiences but also faculty
members’ teaching styles. Learning analytics provide faculty with comprehensive data on student
achievement and leaming trends, enabling more timely and targeted pedagogical interventions
(Sajja et al., 2023). However. for this transformation to be sustainable and effective, developing
faculty members’ digital pedagogical competencies is crucial (Yan et al., 2023).

In light of these developments, the aim of this study is to examine Al-supported personalized
learning innovative teaching approaches, drawing on existing literature. Furthermore, the
pedagogical opportunities and structural challenges presented by these technologies will be
discussed. and recommendations for the future will be developed.applications in university
science education and analyze how these applications integrate with

Theoretical Framework

In the process of individualizing and digitizing science education. artificial intelligence-sup-
ported learning systems have played a significant role in making learning processes more
effective and student-centered. In this context, personalized learning and adaptive learning
systems aim to optimize learning experiences by taking individual differences into account
in education (Vorobyeva et al., 2025).
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Personalized learning refers to instructional strategies tailored to students’ individual needs.
learning pace, and interests. Al technologies have increased the applicability of these strate-
gies, analyzing student performance data and tailoring learning materials to individual needs
(Vorobyeva et al.. 2025). In this process. adaptive learning systems have dynamically shaped
learning paths by taking into account students’ knowledge levels and learning styles (Sezgin
& Yiizer, 2022).

In the context of science education. Al-powered personalized learning approaches have
increased students” conceptual understanding and improved problem-solving skills. These
systems monitor students’ learning progress. provide instant feedback, and adapt learning
materials to student needs (Vorobyeva et al.. 2025). Furthermore, these approaches have
increased students’ learning motivation and encouraged their active participation in the learn-
ing process (Vorobyeva et al., 2025).

The effectiveness of Al-enhanced learning systems has been closely linked to faculty mem-
bers® digital pedagogical competencies. To effectively utilize these technologies, faculty
members have developed their digital pedagogical skills and incorporated learning analytics
into their pedagogical decision-making processes (Li et al.. 2025: Rakisheva and Witt, 2023).
This has enabled teaching processes to become more data-driven and student-centered.

In conclusion, Al-powered personalized learning and adaptive learning systems have indi-
vidualized learning processes and transformed instructional strategies in science education.
These systems have improved learning outcomes by providing learning experiences tailored
to students’ individual needs. Moreover, faculty members’ development of digital pedagogi-
cal competencies has increased the effectiveness of these technologies

Deficiencies, Gaps, and Contradictions in the Literature

Although Al-supported personalized learning and innovative teaching approaches offer great po-
tential in the field of science education. there are some significant shortcomings, gaps, and con-
tradictions in the existing literature (Fu et al.. 2024). These contradictions can be listed as follows.

First. empirical studies on the long-term effects of Al-powered personalized learning systems
appear to be limited (Huang et al., 2024). Existing research generally emphasizes short-term
success and increases in student motivation. However. more evidence is needed regarding
the lasting effects of these systems on students’ deep understanding. critical thinking. and
problem-solving skills (Jose et al., 2025). Tn science education, in particular, examining the
long-term effects on complex learning outcomes, such as the elimination of conceptual mis-
conceptions and the development of science process skills, is believed to fill a significant gap
in the literature.

Secondly. there is a lack of research on the scalability of Al-enhanced educational applica-
tions and their applicability across diverse socioeconomic and cultural contexts (Mustafa et
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al., 2024). Many developed models and platforms have been tested on specific pilots or limit-
ed samples. The structural and pedagogical challenges faced for the widespread adoption and
successful integration of these technologies across diverse university environments require
further investigation (Bond et al., 2024). In particular. issues such as technological infrastruc-
ture deficiencies, data privacy and security concerns, and potential biases in Al algorithms
are controversial areas in the literature that deserve further discussion (Dignum, 2019).

Third. there is a gap in the literature regarding the development of digital pedagogical com-
petencies necessary for faculty to effectively use Al-enabled tools (Fu et al., 2024). While ex-
isting studies examine faculty members’ attitudes and awareness of these technologies, they
provide less in-depth qualitative and quantitative data on how they integrate these tools into
their course designs, teaching processes, and assessment approaches (Holmes et al., 2022).
A significant research gap in this area is the extent to which and how faculty members utilize
learning analytics provided by Al-enabled systems to make pedagogical decisions (Ifenthaler
and Yau, 2020: Shneiderman. 2020). Furthermore, further discussion is needed in the litera-
ture regarding how AT is transforming the role of faculty and the ethical responsibilities this
transformation brings (Dignum. 2021).

Fourth, the paucity of interdisciplinary approaches in Al-enhanced science education is note-
worthy (Roll & Wylie, 2016). Studies promoting collaboration among Al experts, education-
al scientists, and field experts (science educators) are limited. This can lead to discrepancies
regarding the pedagogical soundness of developed AI applications and their responsiveness
to the unique needs of science education (Zafari et al., 2022). For example, more collabora-
tive research and modeling is needed on topics such as how Al algorithms are designed to
align with the nature of science concepts or how effective they are in developing students’
scientific inquiry skills (Chen et al., 2020).

Finally, the complex relationships between students’ autonomy, self-regulated learning skills,
and motivation in Al-enhanced learning environments have not been adequately examined
(Chen et al., 2020). While AI systems offer personalized pathways for students, there are dif-
fering opinions on how this impacts students’ ability to manage their own learning and take
responsibility. While some studies suggest that AT increases students’ independence (Ng et
al., 2023), others point to the risk of dependency (Zawacki-Richter et al., 2019). To resolve
this discrepancy, more research is needed on how Al-enhanced systems can support students’
self-regulated learning skills (Dignum, 2023).
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Method
Research model

This study is a systematic literature review examining Al-enhanced personalized learning
applications in university science education and their integration with innovative teaching
approaches. The research methodological framework is structured as a review study. a qual-
itative research design that aims to synthesize existing knowledge on a specific topic. This
approach provides a comprehensive perspective to identify current trends, research gaps, and
future research directions in the field.

The study employed a systematic review design. Systematic reviews entail a rigorous and
comprehensive analysis of existing research on a clearly defined topic or clinical question.
This process involves applying predetermined inclusion and exclusion criteria, systematical-
ly organizing the selected studies. synthesizing their outcomes, and presenting the aggregated
evidence (Bumms & Grove, 2007; Pollock & Berge, 2018). Unlike traditional reviews, sys-
tematic reviews demand careful planning at every stage—from the initial protocol develop-
ment to the final reporting—so that the entire procedure remains transparent, structured, and
replicable (Cuijpers et al.. 2022). Furthermore, methodological standards require that at least
two independent researchers collaborate throughout the entire review process to enhance re-
liability and minimize bias (Yucesoy-Ozkan et al., 2024). Additioanally, systematic reviews
aim to increase the replicability of research and the reliability of findings. Therefore, the re-
search process followed the steps of the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) protocol (Moher et al.. 2009).

Data collection tool

The data collection process for the research consisted of scanning and selecting relevant lit-
erature. The review covered national and international academic studies published between
2020 and 2025. Academic databases such as Web of Science, Scopus, and Google Scholar,
which contain leading and peer-reviewed publications in the field, were used as data sources.

During the literature review. the following keywords and combinations of these words were
used:

* “artificial intelligence in science education”

* “personalized learning with AT

* “adaptive learning in higher education™

* “learning analytics”

* “Al-based pedagogy”
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* “artificial intelligence in science education™
* “personalized learning™

Selection of Studies Reviewed

The studies retrieved from the relevant databases through keyword searches were initially
downloaded and systematically archived by the research team. Subsequently, a two-phase
screening procedure was employed in line with the predetermined inclusion and exclusion
criteria. During the first phase, the titles and abstracts of all identified studies were examined.
and any studies that failed to satisfy the criteria were excluded from further analysis. In the
second phase. the full texts of the remaining studies were reassessed to ensure they met the
eligibility requirements. The specific inclusion and exclusion criteria applied throughout this
process are detailed in Tables 1 and 2.

Table 1. Inclusion Criteria for Study Selection

Research articles on science education indexed in the relevant databases were included in the review.
Only studies conducted with university students were included in the research sample.

If a study was indexed in multiple databases, only one version of the study (from a single database) was
included.

Only studies published between 2020 and 2025 (the last five years) were included in the review.

Table 2. Exclusion Criteria for Study Selection

Publications that were not research articles—such as book chapters, book reviews, or letters to the
editor—were excluded.

Studies conducted with students in pre-university educational levels were not included in the review.

Studies containing major methodological flaws were excluded from the analysis

Studies for which the full text could not be accessed due to accessibility issues were excluded.

Studies published in languages other than Turkish and English were not included in the review.

Following this criteria-based screening process, 43 scientific studies were included in the
analysis. The selection process is detailed in the PRISMA flowchart in Figure 1.
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Figure 1. PRISMA Flow Diagram of the Systematic Identification, Screening. Eligibility,
and Inclusion of Studies
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This flowchart increases the methodological transparency of the research and allows the read-
er to follow step by step how the researcher followed a selection process (Moher et al.. 2009).

Assessment Quality and Risk of Bias

After completing the two-phase screening procedure guided by the inclusion and exclusion
criteria, the remaining studies were critically assessed for potential sources of bias, methodo-
logical rigor. and overall quality (Gersten et al.. 2005: Gough et al.. 2017). For this purpose.
the Mixed Methods Appraisal Tool (MMAT) developed by Hong et al. (2018) was employed.
This tool was selected because it allows for the systematic appraisal of qualitative, quan-
titative, and mixed-method studies within a single, coherent framework. thereby ensuring
methodological consistency across diverse research designs. For each of the studies included
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in the review (1 = 43). researchers examined responses to two general screening items along
with five additional criteria specific to the study design. The appraisal revealed that none of
the evaluated studies exhibited notable quality concerns or bias risks; therefore. no studies
were excluded at this stage of the analysis.

Data Coding

The analysis of the 43 selected studies was conducted using thematic content analysis. a
qualitative data analysis method (Braun & Clarke, 2006). Thematic content analysis involves
examining data in depth. creating meaningful codes, combining these codes into specific
categories. and finally deriving main themes from these categories (Guest et al.. 2012). This
process aims to uncover patterns and relationships in the literature that will answer the re-
search questions.

The analysis process included the following steps:

1. Coding of Data: Each study was carefully read and important statements. concepts and
findings related to the research questions were coded.

2. Creating Categories: Similar codes were combined to create broader categories. For exam-
ple. codes such as “smart tutoring systems,” “adaptive content,” and “automatic feedback”
were grouped under the category “Al-supported learning technologies.”

3. Determination of Themes: By examining the relationships between the categories created.
four main themes refiecting the main findings of the research were identified: (1) Personal-
ized learning applications, (2) Adaptive content delivery and automatic feedback systems, (3)
Effects on student success and motivation, (4) Digital pedagogical competencies of teachers.

Ensuring Inter-Coder Reliability

All stages of the study—from the screening procedures to the coding of descriptive data for
the studies included in the review—were carried out concurrently by the research team. At
each step, coding decisions were systematically documented, and inter-coder reliability was
assessed to ensure consistency among researchers. Inter-coder agreement was calculated us-
ing Merriam’s (2015) formula: reliability = agreement / (agreement + disagreement) » 100.
The resulting reliability coefficients were 93% for the screening phase. 98% for the applica-
tion of inclusion and exclusion criteria, 86% for quality appraisal, and 99% for data coding,
indicating a high level of consistency across all stages of the research process.

Ethics Approval

This research does not require ethics committee approval. Artificial intelligence applications
were utilized in the study. We undertake that no violations of academic ethical rules were
made in the preparation of this study.
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As a result of the thematic content analysis, the findings from the reviewed studies were

grouped under four main themes. These themes cover various aspects of Al-supported per-

sonalized learning applications in the context of science education. The tables below present

the studies under each theme in chronological order.

Table 2. Studies Under the Theme of Personalized Learning Applications

Year Authors Title Journal/Publication Focus Area

Design and Implementation . .
- Intelligent teaching
I . - of an Adaptive Intelligent Journal of Computer -
2020 Ertmit, AK, & Getin, I Tutoring System for Physics Assisted Learning system for physics
. = education
Education
Engaging with biology
Koé-Tanuchta, MM, by asking questions:

2020 Schonborn, KJ, Tibell, Investigating students’ Journal of Educational ~ Al-supported textbook
LAE. Chaudhri, VK, & interaction and learning with Computing Research in biology education
Heller, HC an artificial intelligence-

enriched textbook
Active learning 1s about more X
Yannier, N., Hudson, S. than hands-on: A mixed- Inte_rna_houal Io_urmﬂ ({f Mixed reality Al
2020 - Artificial Intelligence in ~ system for STEM
E. & Koedinger, K. R.  reality AT system to support - -
. Education education
STEM education
Using Machine Learning to Machine le oin
Maestrales, S., Zhai, X, Score Multi-Dimensional . 3
2021 Touitou, 1. et al. Assessments of Chemistry J Sc1 Educ Technol chemistry and physics
assessments
and Physics
- . Learning Newtonian physics ’ Learning physics

2021 Ferrarelli, P.. & Iocchi. through pro in1e robot Technology, Knowledge through robat
L. = = = and Learning =

experiments experiments
Examining the Trend in
2021 Aydin, F., & Yurdugul, Postgraduate Theses on Educational Technology Smart teaching systems
H. Intelligent Tutoring Systems : Theory and Practice research m Tiirkiye
The Case of Turkey
Intelligent Tutoring Systems: - -
Graesser, A.C., Hu, X., A Systematic Review of Inlgnl;houa.l Iqumal qf ]ntelhgegt leaphmg
2022 - T Artificial Intelligence in - systems 1n science
& Sottilare, R.A Applications in Science : .
. Education education
Education
- - . Opinions of prospective
Alyiiz, HI., & Erdemir, Preservice Science Teachers International Journal of  teachers about web-
2022 Views of a Web-Based - . .
M. - . Technology in Education based intelligent
Intelligent Tutoring System = .
tutoring system
Murtaza, M., Ahmed, l
Y., Shamsi, J. A, AlBased Persmmllz_ed Al-based personalized

2022 - E-Learning Systems: Issues, IEEE Access X
Sherwani, F., & Usman, . e-learning systems
M Challenges, and Solutions =
Hettiarachchilagea, K., Effectlve_ model with . Personalized science

- personalized online teaching . . - S

2023 & Haldolaarachchige, ; : arXiv preprint instruction in the

N = and learning science in the ChatGPT

T ) era of ChatGPT ) e
Kanthimathi, S., Nanda, Transforming EFlucatlon Adopting Artificial Al-powered
P, Venkatraman_ S., through Al-Powered .= . i

2025 = Intelligence Tools in personalized
Renganayagan, V., &  Personalized Assessment L g

Higher Education assessment models
Eswaran, S. Models =
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Table 2 presents chronologically the studies focusing on Al-supported personalized learning
applications between 2020 and 2025. This table provides important data for understanding
how personalized learning has evolved in the context of science education and in which areas
it is concentrated. It is observed that intensive studies have been conducted on personalized
learning applications in science education since 2020. Unlike other themes, personalized
learning applications appear to have received more attention in 2020, 2021, and 2022. Stud-
ies conducted in 2020 (Erumit & Cetin, 2020: Koc-Januchta et al.. 2020; Yannier et al.. 2020)
reveal that personalized learning applications vary both by discipline (physics, biology) and
by technology (smart tutoring systems, Al-supported textbooks, mixed reality). Studies pub-
lished in 2021 and 2022 (Akyiiz & Erdemir, 2022; Aydin & Yurdugiil, 2021; Ferrarelli &
Tocchi, 2021: Graesser et al.. 2022; Maestrales et al.. 2021: Murtaza et al.. 2022) indicate
that the scope of personalized learning applications has expanded. focusing on more specific
areas and adopting solution-oriented approaches. Studies conducted in 2023 and 2025 indi-
cate that newer technologies have been integrated into personalized learning applications and
that the evaluation of personalized learning applications has improved (Hettiarachchilagea &
Haldolaarachchige, 2023; Kanthimathi et al., 2025).
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Table 3. Studies Under the Theme of Adaptive Content and Automatic Feedback Systems

Year Authors Title Journal/Publication Focus Area
Analyzing adaptive gamification Behavior & - .
2020 Sezgin, S.. & Yizer, TV design principles for online Information Adaptlf,e gamification
= = for online courses
courses Technology
Wang, $., Christensen, WhenAdaptlverLe_ammg is Interactive The effectivensss

2020 C_, Cui, W, Tong, R_, Effective Learning: Comparison Learn of adantive learni
Yarnall, .., Shear, L & of an Adaptive Learning System Eovi S i i v €
Feng, M. to Teacher-Led Instruction ByICHIments systems
Deveci Topal, A., Dilek N o

2021 Eren, C. & Kolburan Cl?atbot application 1n a 5th grade Edue Inf Technol Chatbot app!mamm mn

science course 5th grade science class
Geger, A
Examining Science Education To 1 of Science
2027 Cooper. G in ChatGPT: An Exploratory Ddncation and Science education
oper. & Study of Generative Artificial review on ChatGPT
o Technology
Intelligence =
ChatGPT in physics education: A Contemporary .
2023 Bitzenbauer, P. pilot study on easy-to-implement Educational QhatGP_T apphcapons
S in physics education
activities Technology
ICT students’ perceptions
Elkhodr, M, Gide, E.;,  towards ChatGPT: An . ICT students”
2023 Wu, R, & Darwish, O.  experimental reflective lab STEM Education perceptions of ChatGPT
analysis
Integrating chatbot and Chatbot and AR in
Chuang, CH, Lo, JH. & augmented reality technology - ; .

2023 5 - - . Electronics biology learning during

Wu, YK mto biology learning during COVID.10 =
COVID-19 :

Hotar, N, Bafa.n, B Designing Adaptive Learning Adaptive Learning  Adaptive learning space

Tokug, A, Giizel, EB, = - b 3 -

2024 _ . Space by Integrating Technology Technologies for  design in sustainable

Akdogan. FS, Karagsz, L ;i = =
= A to a Sustainable Classroom Higher Education  classrooms
E. & Bozdag, O. =
Stt?_mert, S., Krupp, L.,  Lessons Learned from Designing sonrce automated

2024 Avila, K. E., Janssen, AS, an Open-Source Automated aXiv cint feI edback svstem for
Ruf V, Dzsotjan, D, & Feedback System for STEM prep! STEM od Y i
Wehn, N. Education ecucation
Mnguni, L., The behavioral intentions for - ters Al integration
Nuangchalerm P, El inteprating artificial intelligence iy L intentions of

= . oETs 3 = and Education: ,

2024 Islami RAZ Sibanda, i science teaching among pre- Artificial prospective teachers
D Sari, 17, & service science teachers in South Brtellflince in South Africa and
Ramulumo, M. Africa and Thailand & Thailend

L L Al-Assisted Innovative question

2025 Trajkovski, G, & Hayes, Innovative Question Types and Assessment in types in Al-supported

H Formats , - .
Education education
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Table 3 chronologically presents studies focusing on Al-supported adaptive content and auto-
mated feedback systems between 2020 and 2025. This table provides an important perspec-
tive for understanding how these systems have developed in the context of science education
and which subfields they are focused on. It can be said that 2020 represents the beginning of
research in the field of adaptive content and automated feedback systems (Sezgin & Yiizer.
2020; Wang et al.. 2020). Studies conducted in 2021 and 2022 focused on the use of chatbots
and their impact on science education (Cooper, 2022: Deveci Topal et al.. 2021). 2023 saw
a significant increase and diversity in the field of adaptive content and automated feedback
systems. Studies published in this year (Bitzenbauer, 2023; Chuang et al., 2023: Elkhodr et
al., 2023) include different technological approaches and global perspectives on chatbots.
Studies conducted in 2024 (Hotar et al.. 2024; Mnguni et al.. 2024; Steinert et al.. 2024)
appear to be focused on adaptive learning space designs and classroom applications. A study
conducted in 2025 (Trajkovski and Hayes. 2025) appears to be focused on investigating the
contribution of artificial intelligence applications fo measurement and evaluation.
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Table 4. Studies under the Theme of Effects on Student Achievement and Motivation

. Journal/
Year Authors Title Publication Focus Area
Improving Science Conceptual
Lee,J.,An T. Chu, Understanding and Attitudes in Asia-Pacific le Itan dlm ith
2023 HE. Hong, HG.,  Elementary Science Classes through Science AT ]:Stb ‘i s W i
& Martin, SN the Development and Application ofa  Education schgoell sc(;er]f:el clasas?s
Rule-Based Al Chatbot
L E Integration of AT
Nja, CO, Idiege, KJ, Ac;loptlon of grtlj?lmal mtelhger!ce " Smart Learning ~ applications through
2023 = science teaching: From the advantage . = F
Uwe, UE etal. - = - = Environments  the eyes of African
point of the African science teachers .
science teachers
Al-assisted data
Henze J._ Bresges. Al-Supported Data Analysis Boosts an.afs:i: :.n d student
2024 A & Becker- Student Motivation and Reduces Stress arXiv preprint h} tion in phvsi
Genschow, 5. in Physics Education fotivation i paysies
education
ighll?:ahf;nm Comprehensive Review on EDUCATUM
: Az i AB Technology-Based Learning Using Journal of Al-based technology-
2024 Kus: :El{ * Artificial Intelligence for Science Science, supported learning in
Dwand i W”SB & Subjects and Its Implications in Mathematics science subjects
Dhanil M. Teaching and Learning and Technology
Analyzing Student Online Learning Applied and Analysis of student
2024 Fenz. C Behaviors and Academic Performance Cgrl; +ational online learning
e L in Science Education Using Machine E o behaviors in science
Learning Techniques e 2 education
Lademann, ., Augmenting learning environments Physical st leamni
Henze I & using AT custom chatbots: Effectson  Review Physics rengthening © £
2025 . - environments with AT
Becker-Genschow, learning performance, cognitive load,  Education chatbots
S and affective variables Research
. . s The effect of
Nurhikmah, H., The Influence of Multimedia Learning  Brilliant: muFi t?niz;i;]earnjn
2025 Lwmu, LM, & and Students’ Learning Motivation Konseptual from biology learni S
Ridwan, M. toward Biology Learning Outcomes Turnal Riset on biotogy e e
= = outcomes
Journal of
Earth science simulations with University Earth science
2025 Choi, YS generative artificial intelligence Teaching simulations with
GenAl and Learnin, generative Al
( e g
Practice
Exploration of the Path of Artificial N
2025 LiM, & Wu, X Intelligence Enabling Science Open Access '\ngsAI can stfrength e
Education Library Journal  science education
Bawaneh AK. AI.Shapmg the Future of E;]ucatmni International Satisfaction levels
L Science and Math Teachers’ Journal of .
Al-Salman, SM, . E . 5 of science and
2025 Satisfaction Level and Motivating Information .
Salem, TMA & . - f mathematics teachers
Factors towards Integrating Artifictal  and Educational - -
Altarawneh AF . - . towards Al integration
Intelligence in Teaching and Learning  Technology =
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Table 4 presents chronologically the studies examining the effects of Al-supported personal-
ized learning systems on student achievement and motivation between 2023 and 2025. This
table provides an important resource for understanding the positive effects of Al technologies
on student learning outcomes and attitudes. Lee et al. (2023) and Nja et al. (2023) studied
the effects of AT applications on students’ conceptual development and attitudes. Studies
conducted in 2024 (Adli et al., 2024; Feng 2024: Henze et al.. 2024) examined the effects
of Al-supported studies on learning, academic performance, and student motivation. Other
studies conducted in 2025 focused on the application of more advanced technologies to sci-
ence education. examining the effects of simulations and chatbots on student achievement.
motivation, and satisfaction levels. The intensity of studies conducted in 2025, in particular,
indicates that interest in and research in this field will continue to increase. In the future, AT
has great potential to increase students’ academic achievement and motivation to learn by
further personalizing and enriching their learning experiences.
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Table 5. Studies under the Theme of Teachers” Digital Pedagogical Competencies
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Table 5 presents chronologically the studies focusing on teachers’ digital pedagogical com-
petencies in Al-enhanced education between 2022 and 2025. This table demonstrates how
the knowledge, skills, and attitudes that teachers and instructors must possess for the effec-
tive use of Al technologies in education are addressed. Ayanwale et al. (2022) investigated
teachers’ preparation and intentions for teaching AT in schools. This study emphasizes the
importance of teachers’ attitudes and preparation levels toward technology for successfill AT
integration. Henze et al. (2022) examined how to increase interest in robotics, coding, Al
STEAM., and sustainable development in university and teacher education. These studies
play a significant role in increasing teachers’ awareness and interest in Al and related tech-
nologies. In 2023, it was observed that studies focused on the development of policy and
evaluation frameworks in the field of digital pedagogical competencies of teachers (Chan.
2023; Tzafilkou et al., 2023). The year 2024 attracted attention with studies examining the
global effects and competency development in the field of digital pedagogical competen-
cies of teachers. The year 2025 focused on more specific competency models in the field of
digital pedagogical competencies of faculty members. Azimkhan et al. (2025) examined the
development of teacher digital competencies through mobile and interactive technologies
using the TPACK framework. Cosgun-Demirdag and Tasgin (2025) investigated the relation-
ship between teachers’ digital literacy levels and research literacy skills. Hava and Babayigit
(2025) studied the relationships between teachers’ artificial intelligence-supported TPACK
competencies and digital competencies. In the future. it can be expected that research in this
area will deepen even further and develop models and training programs that will enable
teachers to become more competent in Al-supported educational environments.

Discussion

The findings of this systematic review demonstrate that artificial intelligence (AI)-supported
personalized learning applications in university-level science education offer significant po-
tential for enhancing student engagement, conceptual understanding. and instructional adapt-
ability. These findings are consistent with existing literature emphasizing AI’s role in creating
learner-centered environments and enabling real-time responsiveness to individual learning
needs (Sezgin & Yiizer, 2022; Vorobyeva et al., 2025).

One of the most salient outcomes observed in the studies reviewed is the effectiveness of
Al-based systems—such as intelligent tutoring systems and adaptive content platforms—in
individualizing learning trajectories. These tools allow for the detection of misconceptions.
deliver targeted interventions. and dynamically adjust instructional content based on learn-
ers’ performance. This confirms prior studies suggesting that AT can facilitate deeper con-
ceptual understanding in disciplines such as physics, biology. and chemistry (Graesser et al..
2022; Koé-Januchta et al., 2020; Yannier et al., 2020).
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Moreover, the integration of Al tools has been associated with improved student motivation
and increased participation in science learning contexts. Real-time feedback systems and an-
alytics dashboards have been shown to empower students to monitor their progress and foster
self-regulated learning behaviors (Bitzenbauer, 2023: Chuang et al., 2023). These findings
are in alignment with theoretical models that support autonomy and engagement in learning
through adaptive systems (Ng et al., 2023).

However. while Al-supported approaches show considerable promise, several systemic chal-
lenges must be addressed to ensure their effectiveness and sustainability. As highlighted in
the findings. the success of these systems depends heavily on the digital pedagogical compe-
tencies of faculty members. Without adequate education and digital literacy, even the most
sophisticated AT applications may fail to deliver pedagogical value (Rakisheva & Witt, 2023;
Yan et al.. 2023). This aligns with Dignum (2021). who stresses the ethical and instructional
implications of integrating Al into formal education settings.

Additionally, the reviewed literature reveals contradictions regarding the long-term effec-
tiveness of Al in improving science learning outcomes. While short-term gains in motivation
and understanding are frequently reported, few studies examine the durability of these im-
provements over time (Jose et al.. 2025). Furthermore. the scalability of Al-based learning
tools across different socioeconomic and cultural contexts remains a significant research gap,
suggesting a need for broader, more inclusive empirical investigations (Bond et al., 2024:
Mustafa et al., 2024).

The lack of interdisciplinary collaboration between AI developers and science educators also
emerged as a critical limitation. Few studies demonstrated co-designed or pedagogically vali-
dated AT tools, which raises concerns about their relevance and alignment with science learn-
ing goals (Roll and Wylie. 2016: Zafari et al.. 2022). Finally. the ambivalent effects of AI
on student autonomy deserve attention. While some systems enhance learner independence,
others may foster passive learning habits or over-reliance on automated systems (Dignum,
2023; Zawacki-Richter et al., 2019)

Conclusion

In conclusion, Al-supported personalized learning applications offer valuable opportunities
for transforming science education in universities. Through intelligent tutoring. adaptive
feedback. and learning analytics. these systems can address individual learning differenc-
es, enhance engagement, and support conceptual mastery. The review affirms that, when
effectively implemented, AI technologies can make learning more student-centered, data-in-
formed, and responsive.
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Nevertheless, to fully harness this potential, higher education institutions must invest in de-
veloping faculty members’ digital pedagogical skills and infrastructure. Furthermore. long-
term empirical studies and interdisciplinary research are needed to evaluate the sustainability,
ethics, and equity of these innovations. Addressing these gaps will ensure that ATl becomes
not just a technological add-on, but an integral and pedagogically sound component of
21st-century science education.

Steps Toward a Solution

For Al-powered personalized learning to be effectively integrated into science education.
long-term. multi-contextual, and empirical research is needed. Existing studies focus pri-
marily on short-term outcomes, creating a significant gap in areas such as learning retention,
conceptual development, and scientific thinking skills. Furthermore, the adaptability of these
applications to different socioeconomic and cultural contexts has been limitedly addressed.
Therefore, more comprehensive research focusing on issues such as scalability. data security.
algorithmic biases, and infrastructure inadequacies is needed.

Moreover, developing faculty’s digital pedagogical competencies is critical to the success
of this process. To effectively use Al-based tools, faculty members must possess skills not
only technical knowledge but also the interpret learning analytics, consider ethical responsi-
bilities, and support student autonomy. In this context, Al applications should guide students
while also supporting their ability to direct and manage their own learning. thus providing a
more balanced and effective learning environment.
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Universitelerde Kisisellestirilmis Ogrenme ve Inovatif Ogretim
Yaklasimlari: Yapay Zeka Destekli Fen Egitimi

Genisletilmis Ozet
Giris

Dijitallesmenin hizlandigi 21. yiizyilda yiiksekdgretim kurumlanmn dgrenme-dgretme
stirecleri de koklii bir déniisiim gecirivor. Bu déniisiimiin merkezinde ver alan yapay zeka
uygulamalar; 6grencinin 6grenme hizina, dnbilgisine ve ilgi alanma gére uyarlanabilen, veri
temelli kararlar alabilen sistemlerle egitim pratiklerini yeniden sekillendiriyor. Ozellikle fen
egitimi gibi soyut kavramlarin, laboratuvar uygulamalarinin ve siire¢ odakli diistinmenin én
planda oldugu disiplinlerde, yapay zeka destekli kisisellestirme hem kavramsal derinligi hem
de uygulamali becerileri gelistirme potansiyeli tasivor. Bu baglamda ¢alismanin temel amaci:
iiniversitelerde fen egitimi alaninda kullanilan yapay zeka destekli kisisellestirilmis 6grenme
uygulamalarini incelemek ve bunlarin inovatif 6gretim yaklasumlariyla nasil biitiinlestigini
literatiir temelinde degerlendirmektir.

Kisisellestirilmis §grenme. egitimin icerigini, luzini ve yéntemini 6grencinin bireysel dzel-
liklerine gore tasarlamay: hedefleyen pedagojik bir yaklasimdir. Uyarlanabilir 6grenme
sistemleri ve akilli 6gretim ortamlari, makine 6&renmesi ve 6grenme analitigi sayesinde
ogrencinin performansim gercek zamanh izleyip analiz ederek bireysel égrenme yollar
olusturur. Fen egitimi baglaminda bu. yanhs kavramlarin erken tespit edilmesi. ek aciklama-
lar ve simiilasyonlar sunulmasi, deney tasarimlarmin Ggrenciye gore bicimlendirilmesi gibi
pratikleri miimkiin kilar. Literatiirde yapay zekanin kavramsal anlama, problem ¢ézme ve
motivasyon iizerindeki olumlu etkilerine iliskin bulgular bulunmasma karsin, bu etkiyi be-
lirleyen faktdrler arasmnda 6gretim elemanlarmin dijital pedagojik yeterlikleri, 6grenme or-
tamimn tasarimi ve algoritmik seffaflik gibi unsurlarin kritik rol oynadigi vurgulanmaktadir.

Yontem

Bucalisma, 2020-2025 yillan arasinda yayunlanmis ulusal ve uluslararasi akademik calisma-
lar1 kapsayan sistematik bir literatiir taramasma dayanmaktadir. Web of Science, Scopus ve
Google Scholar gibi veri tabanlarinda, “artificial intelligence in science education™, “per-
sonalized learning with AI”, “adaptive learning in higher education”, “learning analytics”,
“fen egitiminde yapay zeka” ve benzeri anahtar kelimeler kullanilarak tarama yapilmistir.
PRISMA protokolii izlenerek bir eleme siireci uygulanmis. bashik/dzet taramasindan sonra
tam metin incelemesi sonucunda 43 calisma analiz kapsamina alinmistir. Analiz agamasin-
da tematik icerik analizi (Braun & Clarke) kullamlarak veriler kodlanmis ve ana temalar
tiiretilmistir.
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Bulgular

Analiz sonucunda dért ana tema belirlenmistir: (1) Kisisellestirilmis 6grenme uygulamalari,
(2) Uyarlanabilir icerik sunumu ve otomatik geri bildirim sistemleri. (3) Ogrenci basarisi ve
motivasyomu iizerindeki etkiler, (4) Ogreticilerin dijital pedagojik veterlikleri. Bu temalar
cercevesinde literatiirdeki calismalara bakildiginda:

1. Kisisellestirilmis 6grenme uygulamalari: Akilli 6gretim sistemleri. yapay zeka zengin-
lestirilmis dijital ders kitaplari, karma gerceklik ve simiilasyon temelli uygulamalar fizik,
biyoloji ve kimya gibi alanlarda kullanilnis; 6grencilerin énbilgisine gore farkli 6grenme
yollar1 sunulmustur. Bu uygulamalar, yanlis kavramlarn saptanmasi ve dgrenciye ozel
miidahalelerin yapilmasi acisindan etkili bulunmustur.

2. Uyarlanabilir icerik ve otomatik geri bildirim: Chatbotlar. otomatik degerlendirme ve agik
kaynakli geri bildirim sistemleri. 6grencilere anlik yénlendirme saglayarak uzaktan ve hibrit
dgrenme ortamlarinda etkilesimi artrmustir. Ozellikle pandemi déneminde bu tiir araglarm
kullaniminin artis gosterdigi ve 6gretim siirekliliginde énemli bir rol oynadigi kaydedilmistir.

3. Ogrenci basaris1 ve motivasyonu: Yapilan calismalar vapay zeka destekli yaklasimlarim
kisa vadede kavramsal anlama ve dgrenme motivasyonunu olumlu etkiledigini gostermek-
tedir. Veri analizine dayanan kisisellestirilmis uyarilar ve diizenlemeler, 6grencilerin perfor-
mansi ve dgrenme tutumlarm iyilestirmis; bilissel yiikii azaltma yéniinde olumlu etkiler
raporlanmistir.

4. Ogreticilerin dijital pedagojik yeterlikleri: Ofretim elemanlarmin yapay zeka teknolojil-
erini derse entegre edebilme becerileri. 6grenme analitigini yorumlama yetenekleri ve etik
sorumluluk bilinci. uygulamalarin basarisim belirleyen énemli degiskenler olarak ortaya
ciknustir. Literatiirde, bu yetkinliklerin gelistirilmesine yonelik egitim programlarina vurgu
yapilmaktadir.

Incelenen galismalarin gogu kisa vadeli etkilere odaklanmis, dolayisiyla yapay zeka destek-
Ii kisisellestirilmis Ggrenmenin uzun vadeli etkileri (derin kavramsal &grenme, elestirel
diistinme, bilimsel siirec becerileri) hakkmnda smirli kanit bulunmaktadir. Ayrica. calisma-
larda olceklenebilirlik, farkli sosyoekonomik ve kiiltiirel baglamlara uygulanabilirlik, alt-
yap1 yetersizlikleri, veri gizliligi ve algoritmik ényargi gibi vapisal sorunlar yeterince ele
almmanustir. Orenci ozerkligi konusunda da geliskili bulgular mevcuttur: Bazi arastirma-
lar yapay zekanm bagumsiz 6grenmeyi destekledigini bildirirken, digerleri asirt bagimlilik
riskine dikkat ¢cekmektedir. Ayrica. gelistirilen araclarin pedagojik agidan alan uzmanlariyla
birlikte tasarlanmadigi durumlarda akademik uygunluk sorunlar ortaya cikabilmektedir.

Elde edilen bulgular, yapay zekanm fen egitiminde gii¢lii bir arac olabilecegini, ancak bunun
pedagojik ve etik ¢erceveyle dengelenmesi gerektigini gostermektedir. Teknolojik ¢coziimler
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tek basina dgrenmeyi garantilemez: etkili kullanim, 6&retim elemanlarin pedagojik yén-
lendirmesi, dogru veri yorumlama ve §grenciyi dgrenme siirecinin aktif bir paydas: haline
getiren tasarimlarla miimkdiindiir. Uzun vadeli etkiyi 6lcen nicel ve nitel calismalarin eksikligi,
alandaki en kayda deger arastirma agigidir. Ayrica, farkli iniversite ve iilke baglamlarinda
uygulama deneyimleri toplanarak Glgeklenebilir ve kapsayici modeller gelistirilmelidir.

Sonuc ve Tartisma

Bulgular 1s1zinda ulasilan sonuclar. yapay zeka destekli kisisellestirilmis 6grenme uygu-
lamalarinm finiversitelerde fen egitimine yeni bir soluk getirme potansiyelini net bir sekilde
ortaya koymaktadir. Calismalarda goriildiigii iizere bu sistemler. §grenme siirecini yalmzca
daha esnek hale getirmekle kalmamakta, aymi zamanda 6grencilerin bireysel ihtiyaclarina
duyarli, anlik geri bildirim saglayan ve 6grenme motivasyomumnu yiiksek tutan bir egitim
ekosistemi yaratmaktadir. Ozellikle akilli 6gretim sistemleri, uyarlanabilir igerik sunumu ve
otomatik geribildirim mekanizmalari, 6grencilerin kavramsal anlamalarini derinlestirmekte,
vanlis 6grenmeleri hizla tespit ederek telafi imkam sunmakta ve boylece 6grenme kayiplarin
en aza indirmektedir.

Bununla birlikte, bu teknolojilerin sundugu firsatlar kadar, siirdiiriilebilir ve adil bicimde
uygulanabilmesi i¢in dikkate almmasi gereken énemli kosullar da bulunmaktadir. Bulgu-
lar, 8gretim elemanlarmin dijital pedagojik yeterliklerinin bu siirecin en kritik halkalarindan
biri oldugunu agikca gdstermektedir. Ogrenme analitizinin dogru yorumlanmasi, vapay zeka
araclarinin pedagojik hedeflere uygun bicimde entegre edilmesi ve 6grencilerin 6zerkligini
destekleyen bir yaklasun gelistirilmesi, egitsel etkinin stireklilizi acisindan belirleyicidir.
Eger dgretim kadrosu bu teknolojileri yalmzca teknik bir yenilik olarak degil, ders tasarunimn
ayrilmaz bir parcasi olarak gériip benimserse. yapay zekanin sundugu potansiyel cok daha
etkili bir sekilde ortaya cikacaktir.

Diger yandan, literatiirdeki érnekler, vapay zeka tabanli kisisellestirilmis 6grenmenin kalici
ogrenme ciktilar fizerindeki etkilerinin hélen yeterince incelenmedigini ortaya koymaktadir.
Kisa vadede motivasyon ve basarida artis gézlenmesine ragmen. bu etkinin uzun vadeye
tasinip tasinamayacagi, kavramsal derinlesmeye ve bilimsel diisiinme becerilerine ne §lciide
katki sagladigi heniiz net degildir. Bu nedenle. ¢cok merkezli ve uzun siireli ampirik calisma-
larin viirtitillmesi kaginilmazdir. Ayrica, farkli sosyoekonomik ve kiiltiirel baglamlarda uy-
gulama yapilmasi, bu sistemlerin 6lceklenebilirligini ve kapsayiciligimn test etmek acisindan
biiyik 6nem tasimaktadir.

Bulgular aym zamanda, erisim ve firsat esitligi konularinin géz ardi edilmemesi gerektigini
gostermektedir. Teknolojik altyap: eksiklikleri, veri giivenligi sorunlan ve algoritmik 6n-
vargilar, dzellikle dezavantajh bélgelerde bu sistemlerin verimli kullanimini simrlayabilmek-
tedir. Bu baglamda, diisiik maliyetli, erisilebilir ve kiiltiirel baglama uyum saglayan yapay
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zeka coziimlerinin gelistirilmesi. hem egitimin kapsayiciligs hem de teknolojinin adil kul-
lamim1 acisindan kritik bir ihtiyvactir.

Etik boyut da iizerinde hassasiyetle durulmasi gereken bir diger alandw. Yapay zeka-
nin 6grenme siireclerine derinlemesine entegre oldugu bir egitim ortaminda, 6grenci ver-
ilerinin gizliligi, algoritmik seffaflik ve sistemlerin tarafsizlig temel ilkelerdir. Bu ilkeler
gozetilmeden gelistirilen uygulamalar, pedagojik kazamimlarin yam sira 6grencilerin giiven
duygusunu da zedeleyebilir. Dolayisiyla. etik standartlarin ve giivenlik protokollerinin yapay
zeka tabanli egitim teknolojilerinin merkezine yerlestirilmesi gerekmektedir.

Son olarak, disiplinleraras: is birlig ihtivaci bulgularda sik¢a vurgulanmistir. Yapay zeka
gelistiricileri, egitim bilimciler, fen egitimi uzmanlan ve etikciler bir araya gelerek, hem
teknik olarak yetkin hem de pedagojik acidan anlamli c¢éziimler iiretebilirler. Ancak bu
sayede gelistirilen sistemler, yalnizca teknoloji odakh yenilikler olmaktan cikarak, 6grenme
stireclerini biitiinciil bigimde déniistiiren etkili araglar haline gelebilir.

Genel olarak degerlendirildiginde, yapay zekd destekli kisisellestirilmis 6grenme. dogru
planlama, yeterli 6gretmen egitimi, giiclii bir etik cerceve ve siirekli aragtirma-gelistirme
destegi ile iiniversitelerde fen egitiminin gelecegini sekillendirebilecek giiglii bir potansiyele
sahiptir. Ancak bu potansivelin gerceklesebilmesi. teknolojivi sadece bir arac¢ olarak degil.
pedagojik stratejilerin ayrilmaz bir bileseni olarak gbren vizyoner bir yaklasimi zorunlu kil-
maktadir.
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