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This study aims to examine the evolution of biotechnology research
from 2000 to 2026 by employing a bibliometric approach to identify
emerging topics and analyze citation landscapes. Data were collected
from the Scopus database and analyzed using VOSviewer to explore
keyword patterns, and temporal
developments. The findings reveal that biotechnology research has
undergone a significant transformation from a focus on molecular
biology and laboratory-based studies toward more interdisciplinary,
application-driven, and sustainability-oriented domains. Core research
themes such as human biology, metabolism, and biochemical processes
remain central, while emerging topics —including microbial systems,
biodegradation, bioenergy, and sustainable development—highlight
the field’s alignment with global environmental and technological
challenges. Citation analysis further indicates a shift from foundational
theoretical work to innovation-focused and application-oriented
research fronts. The study also demonstrates increasing convergence
between biotechnology and other disciplines, such as chemistry,
nanotechnology, and computational sciences.
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1. INTRODUCTION

The field of biotechnology has

throughput sequencing technologies enabling
unprecedented
systems. This period marked the emergence

exploration of biological

undergone profound transformation over the
past few decades, evolving from a niche area
biology to a major
interdisciplinary field that integrates genetics,

of molecular

chemistry, bioengineering, and information
technology. Biotechnology’s impact spans
medicine, agriculture, industrial processing,
and environmental management, making it a
central driver of innovation in the 21st century
[1]. The early 2000s witnessed the
consolidation of genomics and proteomics as
dominant research paradigms, with high-

of biotechnology as both a fundamental
research domain and a commercial enterprise,
attracting substantial investments from public
and private sectors [2].

During this period, the integration of
tools  with
approaches became increasingly important.
Bioinformatics, systems  biology,
synthetic biology emerged as subfields that
extended the scope of biotechnology research
beyond traditional wet-lab experimentation

computational experimental

and
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[3], [4]. The development of databases,
modeling frameworks, and algorithmic
approaches allowed researchers to analyze
complex biological networks and predict
functional outcomes, facilitating a shift from
descriptive biology to predictive and
engineering-oriented  approaches.  This
computational turn also enabled more precise
mapping of research trends and
interconnections, laying the groundwork for
bibliometric analyses to capture the dynamics
of the field.

Biotechnology research has also been
characterized by its rapid response to societal
needs. In  healthcare, biotechnology
innovations have transformed diagnostics,
therapeutics, and vaccine development. The
advent of monoclonal antibodies, gene
editing technologies, and mRNA-based
therapeutics demonstrates how quickly
emerging technologies can transition from
laboratory research to clinical application [5].
In agriculture, genetically modified crops and
precision  breeding  techniques  have
addressed challenges of food security and
climate resilience. Industrial biotechnology
has similarly expanded, with microbial
engineering and enzyme optimization
supporting  sustainable  production of
biofuels, chemicals, and biomaterials. These
developments illustrate how shifts in research
priorities often follow societal and economic
demands, making an wunderstanding of
research fronts essential for anticipating the
next wave of innovation.

The  scholarly  landscape in
biotechnology has grown increasingly
complex, reflecting both the expansion of
topics and the intensification of collaboration.
International research networks,
interdisciplinary partnerships, and consortia
have become prominent drivers of scientific
output, influencing citation patterns and
shaping the visibility of emerging topics [6].
Bibliometric approaches have emerged as
powerful tools to capture these dynamics,
revealing not only which topics gain traction
but also how knowledge flows across
institutions, countries, and subfields. By
examining citation landscapes, researchers

can identify leading research fronts, assess
their influence, and detect the emergence of
novel areas before they become mainstream.
This methodological perspective provides a
systematic approach to mapping scientific
innovation in a rapidly evolving field.

Over the last decade, the
biotechnology landscape has experienced
further diversification with the rise of
precision medicine, synthetic biology, and
CRISPR-based genome editing. These
technological advancements have stimulated
new lines of inquiry and disrupted existing
paradigms. For instance, CRISPR
technologies have enabled targeted gene
editing across organisms, raising both
scientific possibilities and ethical debates [6].
Similarly, synthetic biology has fostered a
shift from understanding natural biological
systems to designing novel biological circuits
and organisms with desired properties. These
developments reflect the  continuous
evolution of research fronts in biotechnology,
highlighting the need for systematic studies
that capture both historical trajectories and
current trends.

From a bibliometric perspective, the
emergence and evolution of research fronts in
biotechnology offer a unique lens to
understand the knowledge ecosystem.
Research fronts represent clusters of highly
cited publications that shape the direction of
inquiry within a field. They indicate the
consolidation of scientific paradigms, the rise
of new technologies, and the diffusion of ideas
across disciplinary boundaries [7], [8].
Mapping these fronts over time allows
researchers to trace the evolution of thematic
priorities, identify gaps in knowledge, and
anticipate future directions. Such insights are
invaluable for funding agencies,
policymakers, and academic institutions
seeking to align research investments with
emerging scientific opportunities.

Despite the rapid expansion of
biotechnology research and the availability of
bibliometric tools, there remains a limited
understanding of how research fronts have
shifted between 2000 and 2026. While prior
studies have focused on specific subfields or
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time-limited analyses, few have provided a
comprehensive longitudinal assessment of
topic emergence and citation landscapes
across the entire biotechnology domain. This
gap limits the ability of stakeholders to
identify nascent trends, understand
interdisciplinary linkages, and predict future
research trajectories. Without systematic
mapping, strategic planning for research
funding, collaboration, and innovation may
overlook critical areas of growth or
underappreciated emerging technologies.
This study aims to examine the shifts in
biotechnology research fronts from 2000 to
2026 through a bibliometric analysis of topic
emergence and citation landscapes.

2. METHODS

This study employed a bibliometric
approach to analyze the evolution of
biotechnology research fronts from 2000 to
2026. Bibliometric analysis is a quantitative
method that examines patterns in scientific
publications, including citation networks,
authorship, and thematic development,
allowing researchers to identify emerging
topics and influential works. Data for this
study were collected from major scientific
databases, including Web of Science, Scopus,
and PubMed, using a comprehensive set of
keywords and subject categories related to
biotechnology, molecular biology, genetic
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engineering, synthetic biology,
bioinformatics, and related subfields. To
ensure relevance and consistency,
publications were filtered to include only
peer-reviewed journal articles, reviews, and
conference proceedings published in English.

After data collection, preprocessing
was conducted to clean the dataset, remove
duplicates, and standardize author names,
institutional affiliations, and keywords. Co-
occurrence analysis of keywords and terms
was used to identify research topics and
thematic clusters, while citation analysis
mapped the influence of publications over
time. Bibliometric mapping techniques,
including
bibliographic coupling, were employed to
visualize = the  relationships  between
publications and to identify major research

co-citation analysis and

fronts. Network metrics such as betweenness
centrality, citation counts, and cluster density
were calculated to assess the prominence and
interconnectedness of topics within the
Additionally,
temporal analysis was performed to examine
the emergence, growth, and decline of
research fronts across the 26-year period.

biotechnology domain.

3. RESULTS AND DISCUSSION

3.1 Keyword
Network Visualization

Co-Occurrence
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Figure 1. Network Visualization
Source: Data Analysis, 2026
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Figure 1 reveals that biotechnology
occupies a highly central and dominant
position within the research landscape,
indicating its role as the core integrative
domain connecting multiple subfields. The
large node size and dense linkages around
“biotechnology” suggest that it functions as a
conceptual hub bridging diverse scientific
areas such as genetics, microbiology,
chemistry, and applied sciences. This
centrality reflects the
interdisciplinary nature of biotechnology,

inherently

where advances are not isolated but instead
emerge from the convergence of multiple
scientific domains.

The red cluster on the left side
primarily represents biomedical and genetic
research streams, with keywords such as
human, humans, animals, genomics, genetic
engineering, and proteins. This cluster
indicates a strong focus on health-related
biotechnology, including molecular biology,
clinical applications, and drug development.
The presence of terms like nanotechnology
and drug industry suggests an increasing
integration of biotechnology with
pharmaceutical innovation and advanced
therapeutic approaches. This cluster reflects
the traditional foundation of biotechnology
rooted in life sciences and medical research.

The green cluster on the right
highlights microbial and environmental
biotechnology, characterized by terms such as
microbial community, bacteria,
biodegradation, soil pollution, and microbial
diversity. This suggests a strong research
emphasis on ecological applications,

including environmental remediation, waste
management, and ecosystem analysis. The
inclusion of bioreactor and wastewater
treatment further indicates applied industrial
processes, where microorganisms are
leveraged for sustainable solutions. This
cluster demonstrates the growing importance
of biotechnology in addressing
environmental challenges and supporting
circular economy initiatives.

The blue cluster at the bottom
represents  biochemical and molecular
process-oriented research, with keywords like
metabolism, biosynthesis, nucleotide
sequence, and protein expression. This cluster
focuses on the underlying mechanisms that
drive biological systems, emphasizing
laboratory-based experimental studies and
molecular-level understanding. The presence
of terms such as controlled study and
physiology indicates structured experimental
approaches that form the backbone of both
medical and industrial biotechnology
advancements.

The yellow cluster positioned near
the center-top reflects sustainability and
bioenergy-related themes, including biofuel,
biomass, hydrogen, and  sustainable
development. This cluster signifies a
relatively newer and rapidly emerging
research frontier that connects biotechnology
with global sustainability goals. Its proximity
to the central “biotechnology” node indicates
that  sustainability-driven  research is
becoming increasingly integrated into
mainstream biotechnology discourse.
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Figure 2. Overlay Visualization
Source: Data Analysis, 2026

Figure 2 reveals the temporal
evolution of biotechnology research by
mapping keyword occurrences from earlier
years (blue/purple tones) to more recent
developments (green to yellow tones).
Foundational topics such as protein
expression, DNA, nucleotide sequence, and
controlled study appear in darker blue
shades, indicating that early biotechnology
research (around 2012-2014) was heavily
centered on molecular Dbiology and
laboratory-based experimental studies. These
themes reflect the discipline’s initial focus on
understanding biological mechanisms at the
cellular and genetic levels.

As the field progresses into the mid-
period (green tones, around 2015-2016), the
research landscape expands toward more
integrated and applied domains. Keywords
such as biotechnology, microbiology,
metabolism, and  bioreactor = become
prominent, suggesting a transition from
purely fundamental research to more

application-oriented studies. This phase
marks the consolidation of biotechnology as
an interdisciplinary field, where molecular
insights begin to be translated into industrial,
medical, and environmental applications. The
increasing connectivity among nodes during
this period also indicates stronger integration
across subfields.

In the most recent phase (yellow
tones, around 2017-2018 and beyond),
emerging topics such as  microbial
community, biodegradation, soil pollution,
biofuel, and sustainable development become
more visible. This shift highlights a growing
emphasis on sustainability, environmental
biotechnology, and ecosystem-level analysis.
The prominence of these newer keywords
suggests that biotechnology research is
increasingly aligned with global challenges,
including environmental remediation,
renewable energy, and sustainable resource
management
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Figure 3. Density Visualization
Source: Data Analysis, 2026

Figure 3 highlights the core
concentration of research activity within the
biotechnology field, where brighter yellow
regions indicate the most intensively studied
topics. The highest density is clearly centered
around biotechnology, confirming its role as
the central axis of the research landscape.
Closely surrounding this core are highly
interconnected themes such as human,
metabolism, chemistry, and nonhuman,
suggesting that both biomedical and
biochemical =~ domains  dominate  the
intellectual structure. This concentration
reflects a strong and sustained focus on

3.2 Citation Analysis

fundamental biological processes and their
applications in human and animal systems.

Moving toward the peripheral green
and blue areas, the density decreases,
indicating more specialized or emerging
topics. Themes such as microbial community,
biodegradation, soil pollution, biofuel, and
sustainability appear with moderate density,
suggesting growing but still developing
research interest. These areas represent
important
biotechnology intersects with environmental
and sustainability challenges.

expansion  fronts  where

Table 1. Top Cited Documents

Citations | Authors Title Source
and year
2,155 [9] Safeguarding human health in the Lancet, 386(10007), pp. 1973—

Anthropocene epoch: Report of the 2028
Rockefeller Foundation-Lancet
Commission on planetary health

1,745 [10]

first century

The politics of life itself: Biomedicine,
power, and subjectivity in the twenty-

Princeton University Press
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1,613 [11] NCBI Taxonomy: A comprehensive Database, 2020, baaa062
update on curation, resources and
tools
1,203 [12] Radiative decay engineering;: Analytical Biochemistry,
Biophysical and biomedical 298(1), pp- 1-24
applications
1,186 [10] The politics of life itself: Biomedicine, | Princeton University Press
power, and subjectivity in the twenty-
first century
983 [13] Electrophoretic mobility shift assay Nature Protocols, 2(8), pp.
(EMSA) for detecting protein—nucleic | 1849-1861
acid interactions
922 [14] Oils and fats as renewable raw Angewandte Chemie
materials in chemistry International Edition, 50(17),
pp. 3854-3871
902 [15] Production of bioenergy and Trends in Biotechnology,
biochemicals from industrial and 22(9), pp. 477485
agricultural wastewater
872 [16] Graphene annealing: How clean can it | Nano Letters, 12(1), pp. 414—
be? 419
774 [17] Toxicity testing in the 21st century: A | Journal of Toxicology and
vision and a strategy Environmental Health, Part B:
Critical Reviews, 13(2—4), pp.
51-138

Source: Scopus, 2026

Discussion

The findings of this bibliometric
study reveal that biotechnology has
undergone a substantial transformation over
the past two decades, evolving from a
predominantly laboratory-based and
reductionist  discipline into a highly
interdisciplinary and application-driven field.
The dominance of core themes such as
biotechnology, human, and metabolism in
both the co-occurrence and density
visualizations indicates that foundational
biological and biomedical research continues
to anchor the field. However, the increasing
interconnectedness among diverse topics
suggests that contemporary biotechnology is
no longer confined to isolated domains but
instead operates within a complex network of
scientific integration.

One of the most significant shifts
identified in this study is the transition from
molecular-level investigation to system-level
applications.  Early = research  trends,

characterized by keywords such as DNA,
protein expression, and nucleotide sequence,
emphasize the foundational role of molecular
biology in shaping biotechnology. Over time,
these themes have expanded into broader
applications
microbiology, and metabolism, reflecting a
movement toward scaling  biological
knowledge for industrial, clinical, and

involving bioreactors,

environmental purposes. This progression
underscores how fundamental discoveries
have enabled more sophisticated and applied
innovations across sectors.

Another important development is
the growing prominence of environmental
and sustainability-oriented biotechnology.
The emergence of keywords such as
biodegradation, soil pollution, biofuel,
biomass, and sustainable development—
particularly in more recent periods—
demonstrates a  clear
biotechnology = research ~ with  global
sustainability challenges. This shift indicates
that biotechnology is increasingly being

alignment  of
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positioned as a key solution provider for
issues such as environmental degradation,
renewable energy, and resource efficiency.
The integration of microbial and ecological
perspectives further supports the transition
toward circular and sustainable bioeconomy
models.

In addition, the analysis highlights
the rise of interdisciplinary convergence,
particularly between biotechnology and other
scientific domains such as chemistry,
nanotechnology, and computational sciences.
The presence of terms like nanotechnology,
genomics, and bioinformatics-related
processes suggests that innovation in
biotechnology is increasingly driven by cross-
disciplinary collaboration. This convergence
not only enhances the depth of scientific
understanding but also accelerates the
translation of research into practical
applications, including drug development,
precision ~ medicine, and advanced
agricultural systems.

The study points to several future
research directions and emerging fronts that
are likely to shape the next phase of
biotechnology development. The growing
density and recency of topics related to
microbial systems, sustainability, and
bioenergy indicate that future research will
continue to emphasize environmentally
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