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Abstract 33 

Background: Stable bacterial lipases have become indispensable biocatalysts owing to their 34 

exceptional thermostability, catalytic efficiency, and tolerance to harsh industrial 35 

environments. Their expanding applications in biocatalysis, biodiesel production, 36 

bioremediation, enzyme engineering, and sustainable biotechnology have stimulated 37 

substantial scientific interest. However, a comprehensive bibliometric assessment of the 38 

intellectual structure, research evolution, and emerging trends in this field remains limited. 39 

 40 

Methods: This study presents a comprehensive bibliometric analysis of global research on 41 

stable bacterial lipases published between 2010 and 2026. Bibliographic data were retrieved 42 

from the Lens.org database using a systematic Boolean search strategy and screened 43 

following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 44 

(PRISMA) framework. After applying predefined inclusion and exclusion criteria, 499 peer-45 

reviewed journal articles were selected for analysis. Performance analysis and science 46 

mapping were conducted using the Bibliometrix/Biblioshiny package in R and VOSviewer 47 

(version 1.6.20) to evaluate publication trends, citation patterns, leading journals, authors, 48 

institutions, countries, collaboration networks, keyword co-occurrence, co-citation 49 

relationships, bibliographic coupling, and thematic evolution. 50 

 51 

Results: The dataset comprised 499 journal articles published in 139 sources between 2010 52 

and 2026, involving 2,322 authors with an average of 5.35 co-authors per document. The 53 

field exhibited a positive annual publication growth rate of 3.74%, indicating sustained 54 

expansion over the study period. The publications accumulated an average of 57.23 citations 55 

per document and collectively cited 42,878 references, demonstrating the maturity and 56 

scientific influence of the research area. Temporal and thematic analyses revealed increasing 57 

attention to enzyme stability, protein engineering, immobilization, biocatalysis, 58 

biodegradation, biodiesel production, and environmentally sustainable industrial applications. 59 

Network analyses further identified the major research clusters, collaborative patterns, and 60 

emerging thematic directions shaping the evolution of the field. 61 

 62 

Conclusions: This study provides a comprehensive overview of the global scientific 63 

landscape of stable bacterial lipase research from 2010 to 2026. The findings highlight the 64 

growth, intellectual foundations, and emerging research priorities of the field while providing 65 
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valuable insights for researchers, industrial practitioners, and policymakers seeking to 66 

advance enzyme biotechnology and sustainable bioprocess development. 67 

 68 

Keywords: Stable bacterial lipases; Bibliometric analysis; Lens.org; VOSviewer; Science 69 

mapping. 70 

 71 

1. Introduction 72 

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are among the most extensively studied 73 

industrial enzymes owing to their ability to catalyze the hydrolysis, esterification, 74 

transesterification, alcoholysis, and interesterification of lipid substrates under diverse 75 

reaction conditions (Khan et al., 2022; Ali et al., 2023; Sharma et al., 2023; Nag et al., 2023). 76 

Their broad substrate specificity, high catalytic efficiency, and stereoselectivity have made 77 

them indispensable biocatalysts in numerous industrial sectors, including pharmaceuticals, 78 

food processing, detergents, biodiesel production, cosmetics, environmental remediation, and 79 

fine chemical synthesis (Hasan et al., 2011; Sharma et al., 2012; Ferreira-Dias et al., 2013). 80 

Compared with conventional chemical catalysts, lipases offer several advantages, such as 81 

operation under mild reaction conditions, reduced energy requirements, high product 82 

selectivity, and compatibility with environmentally sustainable manufacturing processes, 83 

making them key components of modern green biotechnology (Borkar et al., 2010; Singh and 84 

Mukhopadhyay, 2014; Jaeger and Eggert, 2015; Salihu et al., 2016). 85 

Among the various sources of lipases, bacterial lipases have received considerable attention 86 

because of their rapid microbial growth, ease of genetic manipulation, short fermentation 87 

cycles, and ability to produce extracellular enzymes with desirable catalytic properties (Gupta 88 

et al., 2017; Geoffry and Achur, 2018; Sarmah et al., 2019). In particular, stable bacterial 89 

lipases, characterized by their thermostability, tolerance to extreme pH, resistance to organic 90 

solvents, and long-term operational stability, are increasingly preferred for industrial 91 

applications where harsh processing conditions frequently reduce the activity of conventional 92 

enzymes (Carr et al., 2023; Zan et al., 2025; Zha and Yan, 2025; Wang et al., 2026). These 93 

characteristics enable bacterial lipases to function efficiently in high-temperature 94 

bioprocesses, non-aqueous reaction systems, and chemically demanding industrial 95 

environments, thereby improving process efficiency, reducing operational costs, and 96 

enhancing enzyme reusability. 97 
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Growing environmental concerns and the global transition toward sustainable industrial 98 

development have further accelerated research on bacterial lipases. These enzymes play a 99 

significant role in biodiesel synthesis through transesterification, biodegradation of lipid-rich 100 

wastes, wastewater treatment, pharmaceutical intermediate synthesis, food modification, and 101 

the production of value-added chemicals (Verma et al., 2020; Yao et al., 2021; Chapman et 102 

al., 2021; Sharma et al., 2022). Recent advances in microbial biotechnology, protein 103 

engineering, genome mining, metagenomics, synthetic biology, and enzyme immobilization 104 

have considerably expanded the discovery and optimization of bacterial lipases with 105 

enhanced catalytic performance. Simultaneously, computational approaches, including 106 

artificial intelligence (AI)-assisted protein design and machine learning-based enzyme 107 

prediction, are opening new opportunities for accelerating enzyme engineering and 108 

developing tailor-made biocatalysts for specific industrial applications (Lee et al., 2026; 109 

Sutaoney et al., 2026; Majumder et al., 2026). 110 

The rapid expansion of scientific publications over the last decade reflects the increasing 111 

importance of stable bacterial lipases in both academic research and industrial biotechnology 112 

(Sharma et al., 2024; Dhaka et al., 2024; Wu et al., 2023; Chandra et al., 2024; Dudley et al., 113 

2025). As research becomes increasingly multidisciplinary, encompassing microbiology, 114 

molecular biology, structural biology, biochemical engineering, environmental science, and 115 

computational biotechnology, understanding the evolution of this knowledge domain 116 

becomes essential. Bibliometric analysis provides a quantitative framework for evaluating 117 

scientific productivity, collaboration patterns, intellectual structure, and emerging research 118 

trends by integrating publication metadata with citation and network analyses (Saka et al., 119 

2010; Dos Santos et al., 2023; Che Hussian and Leong, 2023; Zhang et al., 2024; Neto et al., 120 

2023). Unlike conventional narrative reviews, bibliometric studies objectively identify 121 

influential authors, journals, institutions, countries, collaborative networks, research hotspots, 122 

and thematic evolution, thereby providing a comprehensive overview of the development of a 123 

scientific field. 124 

Although several review articles have summarized the biochemical characteristics and 125 

industrial applications of microbial lipases, a comprehensive bibliometric assessment 126 

focusing specifically on stable bacterial lipases remains lacking. Previous reviews have 127 

primarily emphasized enzyme production, purification, structural characteristics, 128 

immobilization strategies, and industrial applications, while comparatively little attention has 129 

been devoted to evaluating the global research landscape, scientific collaboration, citation 130 

structure, knowledge networks, and emerging research themes. Consequently, researchers 131 
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and policymakers currently lack an integrated understanding of how this field has evolved, 132 

which research areas dominate the literature, and which scientific directions are likely to 133 

shape future developments. 134 

To address this knowledge gap, the present study provides a comprehensive bibliometric 135 

analysis of global research on stable bacterial lipases published between 2010 and 2026. 136 

Bibliographic records were retrieved from the Lens.org database using a systematic search 137 

strategy and screened according to the Preferred Reporting Items for Systematic Reviews and 138 

Meta-Analyses (PRISMA) framework. Bibliometric performance indicators and science 139 

mapping analyses were performed using the Bibliometrix/Biblioshiny package in R and 140 

VOSviewer (version 1.6.20). The study evaluates publication growth, citation performance, 141 

leading journals, authors, institutions, and countries, while further examining collaboration 142 

networks, keyword co-occurrence, co-citation patterns, bibliographic coupling, and thematic 143 

evolution. By integrating performance analysis with knowledge mapping, this study provides 144 

a comprehensive overview of the intellectual development of stable bacterial lipase research, 145 

identifies emerging research priorities, and offers valuable insights for researchers, industrial 146 

stakeholders, and policymakers seeking to advance sustainable enzyme biotechnology and 147 

industrial biocatalysis (Sales et al., 2023; Verasoundarapandian et al., 2021; Yang et al., 148 

2022; Plaza et al., 2025). 149 

 150 

2. Materials and Methods 151 

2.1 Study Design 152 

This study employed a quantitative bibliometric approach to evaluate the global research 153 

landscape of stable bacterial lipases published between 2010 and 2026. Bibliometric 154 

techniques were used to examine publication growth, citation performance, research 155 

productivity, collaboration patterns, intellectual structure, and thematic evolution of the 156 

scientific literature. The study was conducted following the Preferred Reporting Items for 157 

Systematic Reviews and Meta-Analyses (PRISMA 2020) guidelines to ensure a transparent 158 

and reproducible literature screening process (Rethlefsen et al., 2021; Bhaumik et al., 2017). 159 

 160 

2.2 Data Source 161 

The bibliographic dataset was retrieved exclusively from the Lens.org scholarly database, an 162 

integrated scientific information platform that indexes peer-reviewed literature from multiple 163 

publishers and provides comprehensive metadata, citation relationships, patent linkages, and 164 
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open-access information. Lens.org was selected because of its broad multidisciplinary 165 

coverage, rich bibliographic metadata, and compatibility with bibliometric software for large-166 

scale scientific mapping (Kudryashov et al., 2025; Chigarev, 2022). 167 

 168 

2.3 Search Strategy 169 

A comprehensive literature search was conducted in Lens.org to identify publications related 170 

to stable bacterial lipases. The search strategy combined terms describing bacterial lipases 171 

with terms related to enzyme stability using Boolean operators (Yehui et al., 2024; Chen et 172 

al., 2025; Li et al., 2023; Al Zamzami et al., 2025). 173 

The search query was: 174 

(lipase OR lipases OR "microbial lipase") 175 

AND 176 

(bacterial OR bacteria) 177 

AND 178 

( 179 

thermostable 180 

OR thermostability 181 

OR "thermal stability" 182 

OR stable 183 

OR "enzyme stability" 184 

OR "solvent tolerance" 185 

OR "alkaline stability" 186 

OR "organic solvent tolerance" 187 

OR "heat stability" 188 

) 189 

The search was performed on16 July 2026, and all records published between 2010 and 2026 190 

were considered for further screening. 191 

 192 

2.4 Eligibility Criteria and Literature Screening 193 

The retrieved publications were screened using a PRISMA-based workflow. Records were 194 

sequentially filtered according to predefined eligibility criteria. Initially, publications were 195 

restricted to the period 2010–2026, followed by selection of peer-reviewed journal articles. 196 

Subsequent refinement was performed using predefined author keywords associated with 197 

bacterial lipases, enzyme stability, biocatalysis, enzyme immobilization, biodegradation, 198 

biodiesel production, protein engineering, industrial biotechnology, and related topics. 199 

Subject categories relevant to biotechnology, microbiology, biochemistry, catalysis, 200 
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environmental engineering, environmental science, pharmaceutical science, ecology, and 201 

renewable energy were retained. MeSH-based exclusion criteria were further applied to 202 

remove publications primarily associated with humans, animals, gastrointestinal microbiome, 203 

pharmaceutical preparations, drug delivery systems, anti-infective agents, plastics, probiotics, 204 

antioxidants, and other topics unrelated to industrial bacterial lipases. Following the 205 

screening process, 499 journal articles were included for bibliometric analysis. The complete 206 

screening procedure is illustrated in Figure 1.  207 

 208 

 209 

2.5 Data Extraction 210 

Bibliographic metadata were exported from Lens.org and included publication title, authors, 211 

publication year, journal, abstract, author keywords, affiliations, country, citation count, 212 
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references, digital object identifier (DOI), and other bibliographic information required for 213 

scientometric analyses (Xie et al., 2025; Klein et al., 2021; Wei et al., 2021; Zhang et al., 214 

2025). The exported dataset was checked for consistency before analysis. 215 

 216 

2.6 Bibliometric Analysis 217 

Descriptive bibliometric indicators were calculated using the Bibliometrix package 218 

implemented through the Biblioshiny web interface in R. The analysis included annual 219 

scientific production, citation analysis, source productivity, author productivity, country-wise 220 

scientific output, collaboration patterns, keyword frequency, thematic evolution, Bradford's 221 

Law, Lotka's Law, and historiographic mapping (Yang et al., 2026; Zhao et al., 2025; Zeng et 222 

al., 2022; Zheng et al., 2023). 223 

Network visualization analyses were performed using VOSviewer (version 1.6.20) to 224 

investigate the intellectual and conceptual structure of the research field. Co-authorship, 225 

keyword co-occurrence, co-citation, bibliographic coupling, and collaboration networks were 226 

generated using association-strength normalization and visualized as network, overlay, and 227 

density maps.(Saka et al., 2010; Dos Santos et al., 2023; Che Hussian and Leong, 2023; 228 

Zhang et al., 2024; Neto et al., 2023)  229 

 230 

2.7 Bibliometric Indicators 231 

The bibliometric performance of stable bacterial lipase research was evaluated using standard 232 

scientometric indicators, including annual publication output, annual publication growth rate, 233 

citation performance, average citations per document, average citations per year, source 234 

productivity, author productivity, country productivity, collaboration index, keyword 235 

occurrence, thematic evolution, and network centrality measures (Wang et al., 2025; Ettadili 236 

and Vural, 2025; Cheng et al., 2023; Shettar and Bagewadi, 2025;Abdelwahab et al., 2025). 237 

These indicators were used to characterize the scientific development, intellectual structure, 238 

and emerging research directions within the field. 239 

 240 

2.8 Data Visualization 241 

The bibliometric results were presented using tables, line graphs, bar charts, thematic maps, 242 

historiographs, three-field plots, and network visualizations generated from Biblioshiny and 243 

VOSviewer (Almeida et al., 2021; Roth et al., 2020; Kahar et al., 2022; Nizar et al., 2025; 244 

Klos-Witkowska and Martsenyuk, 2024). These visual representations facilitated the 245 
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interpretation of publication trends, collaborative relationships, citation patterns, and thematic 246 

structures across the study period. 247 

 248 

3. Result and discussion 249 

3.1 Descriptive Bibliometric Characteristics 250 

The bibliometric analysis was conducted on a curated dataset of 499 peer-reviewed journal 251 

articles published between 2010 and 2026, retrieved exclusively from the Lens.org scholarly 252 

database following a PRISMA-based screening procedure (Figure 1). The initial Boolean 253 

search identified 8,914 records, which were systematically refined through sequential 254 

filtering based on publication year, document type, keyword relevance, subject categories, 255 

and MeSH-based exclusion criteria. This rigorous screening ensured that the final dataset 256 

represented publications specifically related to stable bacterial lipases and their industrial and 257 

biotechnological applications. 258 

The final dataset was published across 139 scientific journals, reflecting the multidisciplinary 259 

nature of stable bacterial lipase research, which encompasses microbiology, biotechnology, 260 

biochemistry, environmental science, catalysis, pharmaceutical sciences, and biochemical 261 

engineering. A total of 2,322 authors contributed to these publications, corresponding to an 262 

average of 5.35 authors per document, indicating a strong collaborative research 263 

environment. Collectively, the publications cited 42,878 references, demonstrating a well-264 

established knowledge base and the cumulative development of this research domain. 265 

The bibliometric indicators further revealed an annual scientific growth rate of 3.74%, 266 

suggesting a sustained expansion of research activity over the study period. Moreover, the 267 

publications received an average of 57.23 citations per document, highlighting the 268 

considerable scientific influence and visibility of research on stable bacterial lipases. The 269 

combination of steady publication growth, extensive citation impact, and high levels of 270 

collaboration indicates that the field has matured into an internationally recognized area of 271 

enzyme biotechnology with increasing relevance to industrial applications. 272 

These descriptive characteristics demonstrate that research on stable bacterial lipases has 273 

evolved into a dynamic and multidisciplinary field supported by extensive scientific 274 

collaboration and sustained scholarly interest. The broad distribution of publications across 275 

numerous journals and the substantial citation impact emphasizes the importance of stable 276 

bacterial lipases in addressing contemporary challenges related to industrial biocatalysis, 277 

environmental sustainability, enzyme engineering, and renewable bio-based technologies. 278 
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The comprehensive bibliometric profile presented here provides the foundation for 279 

subsequent analyses of publication trends, citation patterns, scientific productivity, 280 

collaboration networks, and thematic evolution. 281 

 282 

Table 1. General bibliometric characteristics of stable bacterial lipase research (2010–2026). 283 

Indicator Value 

Database Lens.org 

Study period 2010–2026 

Final publications 499 

Document type Journal articles 

Scientific sources (journals) 139 

Authors 2,322 

Average authors per document 5.35 

Total cited references 42,878 

Annual scientific growth rate 3.74% 

Average citations per document 57.23 

Software used Bibliometrix/Biblioshiny, VOSviewer 

 284 

3.2 Annual Publication Growth and Research Trends 285 

The temporal distribution of scientific publications demonstrates a sustained expansion of 286 

research on stable bacterial lipases between2010 and 2026 (Figure 2). A total of 499 journal 287 

articles were published during the study period, revealing a positive annual scientific growth 288 

rate of 3.74%. Although research activity remained relatively limited during the early years 289 

(2010–2014), publication output increased markedly from 2015 onwards, indicating growing 290 

scientific and industrial interest in stable bacterial lipases. 291 

Annual publication output increased from 10 publications in 2010 to 54 publications in 2020, 292 

representing the highest research productivity during the study period. The years 2018–2022 293 

constituted the most productive phase, with consistently high publication volumes, reflecting 294 

the maturation of the field and its transition from fundamental enzyme discovery toward 295 

industrial development and application. Although publication counts appear to decline after 296 

2022, particularly during 2024–2026, this trend should be interpreted cautiously because the 297 

most recent years are affected by indexing delays and the incomplete nature of the 2026 298 
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publication year. Consequently, the apparent decrease is unlikely to represent a genuine 299 

reduction in research activity but rather the progressive indexing of newly published articles. 300 

The increasing publication output coincides with the growing recognition of stable bacterial 301 

lipases as versatile biocatalysts capable of functioning under extreme physicochemical 302 

conditions. Their superior thermal stability, solvent tolerance, and catalytic efficiency have 303 

expanded their application in biodiesel production, bioremediation, food processing, 304 

pharmaceutical manufacturing, detergent formulation, and other environmentally sustainable 305 

industrial processes. Simultaneously, advances in molecular biology, protein engineering, 306 

metagenomics, and enzyme immobilization have accelerated the discovery and optimization 307 

of bacterial lipases with enhanced catalytic performance, further stimulating research 308 

productivity. 309 

Analysis of annual citation patterns (Figure 2) complements the publication trend by 310 

demonstrating the increasing scientific influence of the field. Earlier publications have 311 

accumulated substantially higher citation counts because they have had more time to shape 312 

subsequent research, whereas recently published articles have naturally received fewer 313 

citations due to shorter citation windows. Despite this temporal effect, the consistently 314 

increasing publication output combined with strong citation performance indicates that stable 315 

bacterial lipase research has evolved into a mature and internationally recognized area of 316 

enzyme biotechnology with sustained scientific relevance. 317 

Comparable growth trajectories have been reported in bibliometric studies of industrial 318 

enzymes and microbial biotechnology, where increasing research activity has been linked to 319 

the global emphasis on sustainable manufacturing, circular bioeconomy strategies, renewable 320 

bioresources, and green catalytic technologies. The publication trend observed in the present 321 

study therefore reflects not only the scientific advancement of bacterial lipase research but 322 

also its expanding role in addressing industrial and environmental challenges through 323 

innovative biocatalytic solutions. 324 
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 325 

 326 

3.3 Leading Journals and Source Productivity 327 

The analysis of source productivity provides valuable insights into the dissemination patterns 328 

of scientific knowledge on stable bacterial lipases. The499 publications included in this study 329 

were distributed across 139 peer-reviewed scientific journals, demonstrating the 330 

multidisciplinary nature of the research field and its broad relevance to microbiology, 331 

biotechnology, biochemistry, biochemical engineering, environmental science, catalysis, and 332 

industrial biotechnology. 333 

The distribution of publications among journals was highly heterogeneous, with a limited 334 

number of core journals accounting for a substantial proportion of the total scientific output, 335 

while the remaining publications were dispersed across numerous specialized journals. This 336 

publication pattern is consistent with Bradford's Law, which states that scientific literature 337 

within a research domain tends to concentrate in a relatively small group of highly productive 338 

journals followed by progressively larger groups of less productive sources. The Bradford 339 

analysis (with fitted model C(r) = 6.85 + 98.35 * log(r), R2 = 0.9942, Bradford multiplier k = 340 

4.68, KS test p-value = 0.995. Zone summary: Zone 1:   5; Zone 2:  25; Zone 3: 109; Total: 341 
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139) (Figure 3) clearly identified a core zone of journals that constitute the primary 342 

publication outlets for research on stable bacterial lipases. 343 

The predominance of biotechnology- and microbiology-oriented journals among the most 344 

productive sources reflects the interdisciplinary character of bacterial lipase research. These 345 

journals provide platforms for studies on microbial diversity, enzyme discovery, protein 346 

engineering, enzyme immobilization, structural biology, metabolic engineering, and 347 

industrial biocatalysis. Their prominence also indicates that research on stable bacterial 348 

lipases has evolved beyond fundamental microbiological investigations toward applications 349 

in renewable energy, green chemistry, pharmaceutical biotechnology, environmental 350 

remediation, and sustainable industrial manufacturing. 351 

Source impact analysis further demonstrated that the leading journals have played a pivotal 352 

role in shaping the intellectual development of the field by publishing highly cited and 353 

influential studies. These journals have consistently served as major channels for 354 

disseminating advances in enzyme characterization, thermostability enhancement, catalytic 355 

mechanism elucidation, molecular engineering, and industrial process optimization. 356 

Consequently, they continue to influence subsequent research directions and technological 357 

innovation in enzyme biotechnology. 358 

The temporal evolution of journal productivity (Figure 4) further illustrates the sustained 359 

contribution of leading journals throughout the study period. Several journals have 360 

maintained continuous publication activity over multiple years, reflecting the increasing 361 

scientific maturity of stable bacterial lipase research and the growing demand for innovative 362 

enzymatic solutions across diverse industrial sectors. 363 

Overall, the source analysis demonstrates that scientific communication in stable bacterial 364 

lipase research is concentrated within a relatively small number of influential journals while 365 

simultaneously expanding into a wide range of interdisciplinary publication venues. This 366 

pattern highlights the broad scientific interest in stable bacterial lipases and their increasing 367 

importance in addressing contemporary challenges in industrial biotechnology and 368 

sustainable bioprocess development.  369 
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 371 

 372 

3.4 Author Productivity and Scientific Impact 373 

Author productivity analysis provides valuable insight into the intellectual leadership and 374 

collaborative development of stable bacterial lipase research. The bibliometric dataset 375 

comprised 2,322 authors contributing to 499 journal articles, with an average of 5.35 authors 376 

per publication, indicating that research in this field is predominantly collaborative and 377 

multidisciplinary. The increasing complexity of enzyme discovery, molecular 378 

characterization, protein engineering, structural biology, and industrial process optimization 379 

has encouraged researchers from diverse scientific backgrounds to work collectively, thereby 380 

accelerating scientific innovation and technological advancement. 381 

The distribution of scientific productivity among authors exhibited a characteristic 382 

bibliometric pattern in which a relatively small number of researchers contributed multiple 383 

publications, whereas the majority of authors published only one or a few articles. This 384 

distribution closely follows Lotka's Law (using linear regression in log-log space:log10(f) = 385 
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log10(C) − β · log10(n) with result Estimated Beta = 3.5257, Constant C = 0.7393, R-squared 386 

= 0.965, KS p-value (theoretical Beta=2) = 0.0149, KS p-value (fitted Beta) = 0.988), 387 

demonstrating that scientific productivity is concentrated among a limited group of highly 388 

productive investigators while occasional contributors constitute the largest proportion of the 389 

research community (Figure 5). Such a patternis commonly observed in mature scientific 390 

disciplines and reflects the establishment of specialized research groups with sustained 391 

expertise in enzyme biotechnology. 392 

The analysis of the most productive authors identified a core group of researchers who have 393 

made substantial contributions to the development of stable bacterial lipase research through 394 

continuous publication activity. These authors have played pivotal roles in advancing the 395 

understanding of enzyme isolation, molecular characterization, protein engineering, 396 

immobilization technologies, thermostability enhancement, catalytic mechanisms, and 397 

industrial applications. Their sustained research output has significantly influenced the 398 

evolution of the field and has provided the scientific foundation for subsequent 399 

investigations. 400 

Scientific impact was further evaluated through local citation analysis, which identifies 401 

authors whose publications have exerted the greatest influence within the retrieved dataset. 402 

Highly cited authors generally represent pioneers or leading contributors whose studies have 403 

established methodological approaches, identified novel bacterial lipases, or introduced 404 

innovative enzyme engineering strategies that continue to guide current research. The 405 

coexistence of high publication productivity and strong citation performance indicates that 406 

these authors have contributed not only a substantial quantity of publications but also 407 

research of enduring scientific significance. 408 

Temporal analysis of author productivity (Figure 6) reveals the continuous participation of 409 

established researchers alongside the emergence of new contributors during recent years. This 410 

pattern reflects the dynamic expansion of the research community and demonstrates that 411 

stable bacterial lipase research continues to attract investigators from diverse disciplines, 412 

including microbiology, biotechnology, biochemical engineering, environmental science, 413 

synthetic biology, and protein engineering. The growing diversity of contributors is 414 

consistent with the expanding industrial relevance of bacterial lipases in sustainable 415 

manufacturing, renewable energy production, waste valorization, pharmaceutical 416 

biotechnology, and green biocatalysis. 417 

Overall, the author productivity analysis demonstrates that the scientific development of 418 

stable bacterial lipase research has been driven by a relatively small group of influential 419 
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researchers supported by extensive collaborative networks. The combination of sustained 420 

publication activity, high scientific impact, and increasing participation of emerging 421 

researchers suggests that the field has achieved considerable maturity while continuing to 422 

evolve through interdisciplinary collaboration and technological innovation.  423 

 424 

 425 
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 426 

 427 

3.5 Institutional Productivity and Research Contributions 428 

Institutional productivity analysis provides valuable insight into the organizational structure 429 

of global research on stable bacterial lipases and identifies the major research centers driving 430 

scientific innovation in this field. The bibliometric dataset demonstrates that research on 431 

stable bacterial lipases is distributed across a wide range of universities, research institutes, 432 

and industrial organizations, reflecting the multidisciplinary and application-oriented nature 433 

of enzyme biotechnology (Figure 7). These institutions have played pivotal roles in 434 

advancing fundamental research on bacterial lipases while simultaneously promoting their 435 

translation into industrial biotechnology, environmental remediation, renewable energy 436 

production, and pharmaceutical applications. 437 

The most productive institutions exhibited sustained publication activity throughout the study 438 

period, indicating the establishment of specialized research groups dedicated to microbial 439 

enzyme discovery, molecular characterization, protein engineering, enzyme immobilization, 440 

and industrial biocatalysis. Continuous contributions from these institutions have 441 

significantly enhanced the understanding of enzyme structure–function relationships, 442 
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thermostability mechanisms, catalytic efficiency, and process optimization under industrial 443 

conditions. Their long-term research efforts have also facilitated the development of robust 444 

bacterial lipases with improved operational stability for applications in biodiesel synthesis, 445 

wastewater treatment, food processing, detergent formulations, and other environmentally 446 

sustainable technologies. 447 

Institutional productivity further reflects the concentration of scientific expertise within 448 

established research laboratories possessing advanced facilities for microbiology, molecular 449 

biology, structural biology, biochemical engineering, and computational enzyme design. The 450 

presence of internationally recognized institutions among the leading contributors suggests 451 

that stable bacterial lipase research is increasingly supported by interdisciplinary 452 

collaborations integrating experimental biology, bioinformatics, protein engineering, and 453 

industrial process development. Such collaborative environments have accelerated the 454 

discovery of novel bacterial lipases and the optimization of their physicochemical properties 455 

for commercial applications. 456 

The geographical distribution of leading institutions also highlights the global expansion of 457 

enzyme biotechnology research. Universities and research organizations from Asia, Europe, 458 

and other scientifically active regions have contributed substantially to the growth of the 459 

field, reflecting increasing investments in sustainable biotechnology and bio-based industrial 460 

processes. The concentration of productive institutions within countries possessing strong 461 

biotechnology infrastructure further demonstrates the importance of institutional capacity, 462 

research funding, and international collaboration in driving scientific productivity and 463 

technological innovation. 464 

Overall, the institutional productivity analysis indicates that scientific progress in stable 465 

bacterial lipase research has been largely driven by a relatively small number of highly 466 

productive research organizations supported by extensive national and international 467 

collaborations. These institutions continue to shape the intellectual development of the field 468 

through sustained scientific output, technological innovation, and interdisciplinary research, 469 

thereby contributing to the growing industrial relevance of stable bacterial lipases. 470 

 471 
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 472 

 473 

3.6 Country-wise Scientific Contributions 474 

The geographical distribution of scientific publications provides important insights into the 475 

global development of stable bacterial lipase research and identifies the countries that have 476 

made the greatest contributions to this field. Analysis of country productivity revealed that 477 

research on stable bacterial lipases is conducted across a broad international landscape, 478 

reflecting the growing recognition of bacterial lipases as versatile biocatalysts for industrial 479 

biotechnology, environmental sustainability, and renewable bio-based industries. The 480 

widespread participation of countries from Asia, Europe, North America, and South America 481 

demonstrates the global importance of enzyme biotechnology in addressing contemporary 482 

scientific and industrial challenges. 483 

The leading countries exhibited sustained scientific productivity throughout the study period 484 

and collectively accounted for a substantial proportion of the total publications included in 485 

the bibliometric dataset. These countries have established strong research infrastructures in 486 

microbiology, molecular biotechnology, biochemical engineering, and protein engineering, 487 

enabling continuous advances in bacterial lipase discovery, enzyme characterization, 488 

molecular modification, and industrial process development. Their scientific contributions 489 

have significantly expanded the knowledge base of stable bacterial lipases and facilitated the 490 

translation of laboratory discoveries into practical industrial applications. 491 
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Temporal analysis of country productivity (Figure 8) demonstrates that several countries 492 

have maintained continuous research activity over the study period, while emerging 493 

economies have shown a marked increase in publication output during the last decade. This 494 

pattern reflects increasing global investment in sustainable biotechnology, renewable energy, 495 

circular bioeconomy strategies, and environmentally friendly manufacturing technologies. 496 

The expansion of scientific output from developing countries also indicates improved 497 

research capacity, increased international collaboration, and greater access to advanced 498 

molecular and computational technologies for enzyme engineering. 499 

The observed geographical distribution further highlights the importance of international 500 

scientific collaboration in accelerating research progress. Collaborative partnerships among 501 

countries have enabled the sharing of expertise, advanced analytical facilities, microbial 502 

resources, and interdisciplinary knowledge, thereby promoting innovation in enzyme 503 

biotechnology. Such collaborations have contributed to the development of bacterial lipases 504 

with enhanced thermostability, catalytic efficiency, solvent tolerance, and industrial 505 

applicability, supporting diverse sectors including biodiesel production, wastewater 506 

treatment, food biotechnology, pharmaceuticals, and green chemistry. 507 

Overall, the country-wise analysis demonstrates that stable bacterial lipase research has 508 

evolved into a globally collaborative scientific discipline. The concentration of publications 509 

in scientifically advanced countries, together with the increasing participation of emerging 510 

research nations, reflects the expanding international interest in sustainable enzyme 511 

technologies and the growing importance of bacterial lipases as environmentally friendly 512 

biocatalysts for future industrial applications. 513 
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 515 

3.7 Co-authorship Analysis 516 

Co-authorship analysis was conducted to evaluate the collaborative structure of global 517 

research on stable bacterial lipases and to identify the extent of scientific cooperation among 518 

researchers. Scientific collaboration is an important indicator of knowledge exchange, 519 

interdisciplinary integration, and research maturity, particularly in biotechnology, where 520 

advances often require expertise from microbiology, molecular biology, protein engineering, 521 

biochemical engineering, and environmental sciences. The co-authorship network was 522 

constructed using VOSviewer (version 1.6.20) based on the bibliographic records retrieved 523 

from the Lens.org database. 524 

The bibliometric dataset comprised 2,305 authors, of which 139 authors met the minimum 525 

threshold of two publications and two citations for inclusion in the network analysis. The 526 

resulting collaboration network consisted of three clusters, containing nine authors in the 527 

largest connected component, with 14 collaborative links and a total link strength (TLS) of 15 528 

(Figure 9). The different clusters represent distinct research communities formed through 529 
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repeated collaborations among authors working on complementary aspects of stable bacterial 530 

lipases, including enzyme isolation, molecular characterization, protein engineering, 531 

immobilization techniques, and industrial applications. 532 

The collaboration network indicates that research in this field is driven by several specialized 533 

research groups rather than a single highly interconnected international network. Most 534 

collaborative relationships were concentrated within institutional or regional research teams, 535 

suggesting that investigators preferentially collaborate with established partners sharing 536 

similar research interests and experimental expertise. Although the presence of multiple 537 

clusters demonstrates active scientific cooperation, the relatively small largest connected 538 

component and modest total link strength indicate that global collaboration among research 539 

groups remains limited. This fragmented collaboration pattern is characteristic of emerging 540 

and highly specialized research domains, where expertise is distributed among independent 541 

laboratories focusing on different scientific and technological aspects of enzyme 542 

biotechnology. 543 

The increasing industrial demand for thermostable bacterial lipases in biodiesel production, 544 

environmental bioremediation, pharmaceutical manufacturing, food biotechnology, detergent 545 

formulations, and green chemistry is expected to promote broader international collaboration 546 

in the coming years. Expanding collaborative networks between microbiologists, structural 547 

biologists, computational scientists, biochemical engineers, and industrial researchers could 548 

accelerate the discovery of novel bacterial lipases, facilitate protein engineering strategies, 549 

and improve the translation of laboratory findings into commercial biocatalytic processes. 550 

Strengthening interdisciplinary and multinational collaborations will therefore be essential for 551 

advancing stable bacterial lipase research and addressing future challenges in sustainable 552 

industrial biotechnology. 553 
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 555 

3.8 Keyword Co-occurrence and Research Hotspots 556 

Keyword co-occurrence analysis was performed to identify the conceptual structure, major 557 

research themes, and emerging hotspots in stable bacterial lipase research. Author keywords 558 

reflect the primary scientific focus of individual studies and provide valuable insights into the 559 

evolution of research priorities within a given discipline. The co-occurrence network was 560 

generated using VOSviewer (version 1.6.20) based on author-supplied keywords extracted 561 

from the bibliographic dataset. 562 

A total of 2,827 author keywords were identified across the 499 publications included in the 563 

study. Applying a minimum occurrence threshold of five, 65 keywords qualified for network 564 

construction. The resulting network comprised seven distinct clusters, interconnected through 565 

389 links with a total link strength (TLS) of 638 (Figure 10). The high degree of connectivity 566 

among keywords indicates that research on stable bacterial lipases is conceptually well 567 

integrated, with strong relationships among studies focusing on enzyme discovery, molecular 568 

engineering, industrial applications, and sustainable biotechnology. 569 

The identified keyword clusters represent the principal research domains that have shaped the 570 

field during the study period. One cluster is centered on lipase, bacteria, enzyme, and 571 

microbiology, highlighting the continued emphasis on the isolation, screening, and 572 

characterization of bacterial lipases. Another major cluster is associated with biocatalysis, 573 
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protein engineering, enzyme immobilization, and catalysis, reflecting efforts to enhance 574 

enzyme stability, catalytic efficiency, and industrial applicability through molecular and 575 

biochemical engineering approaches. Additional clusters emphasize biodiesel production, 576 

transesterification, biofuel, and renewable energy, demonstrating the increasing application of 577 

stable bacterial lipases in sustainable energy production. Keywords related to biodegradation, 578 

waste management, wastewater treatment, and environmental biotechnology further indicate 579 

the growing importance of bacterial lipases in environmental remediation and circular 580 

bioeconomy initiatives. 581 

Overlay visualization and temporal keyword analysis revealed a progressive shift in research 582 

priorities over the study period. Earlier investigations predominantly focused on enzyme 583 

isolation, biochemical characterization, and optimization of catalytic conditions, whereas 584 

more recent studies increasingly emphasize protein engineering, enzyme immobilization, 585 

extremophilic microorganisms, industrial biocatalysis, organic solvent tolerance, and 586 

sustainable bioprocesses. This transition reflects the evolution of stable bacterial lipase 587 

research from fundamental microbiological investigations toward advanced biotechnological 588 

applications addressing industrial efficiency and environmental sustainability. 589 

The dense interconnections observed among keyword clusters indicate that modern research 590 

on stable bacterial lipases is inherently multidisciplinary, integrating microbiology, molecular 591 

biology, biochemistry, protein engineering, chemical engineering, and environmental 592 

sciences. The emergence of keywords associated with sustainable biotechnology, renewable 593 

bioresources, and industrial enzyme engineering further demonstrates that future research is 594 

increasingly directed toward developing robust biocatalysts capable of operating under harsh 595 

industrial conditions while supporting environmentally friendly manufacturing processes. 596 

Collectively, the keyword co-occurrence analysis highlights the expanding scientific scope of 597 

stable bacterial lipase research and identifies the principal thematic areas that are expected to 598 

drive future innovation in enzyme biotechnology. 599 
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 600 

 601 

3.9 Co-citation Analysis 602 

Co-citation analysis was performed to investigate the intellectual structure and foundational 603 

knowledge base of stable bacterial lipase research. Co-citation occurs when two publications 604 

are cited together by subsequent studies, indicating their conceptual or methodological 605 

relationship. Consequently, co-citation networks provide valuable insights into the influential 606 

publications, authors, and research themes that have shaped the evolution of a scientific 607 

discipline. The analysis was conducted using VOSviewer (version 1.6.20) to visualize the 608 

relationships among frequently co-cited references within the bibliometric dataset. 609 

The co-citation network revealed a well-defined intellectual structure composed of several 610 

interconnected clusters, each representing a distinct area of scientific specialization (Figure 611 

11). These clusters were formed through repeated citation of seminal publications focusing 612 

on bacterial lipase discovery, enzyme purification, biochemical characterization, molecular 613 

cloning, protein engineering, enzyme immobilization, and industrial applications. The close 614 

relationships among the clusters demonstrate that stable bacterial lipase research has evolved 615 
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through the integration of multiple scientific disciplines, including microbiology, molecular 616 

biology, biochemistry, structural biology, biochemical engineering, and environmental 617 

biotechnology. 618 

The largest co-citation clusters were dominated by highly influential studies that established 619 

the fundamental principles of bacterial lipase research. These landmark publications have 620 

served as essential references for subsequent investigations by providing methodologies for 621 

enzyme screening, purification, structural characterization, catalytic mechanism analysis, and 622 

stability enhancement. Their persistent co-citation over time indicates their continued 623 

relevance in supporting current research on enzyme engineering and industrial biocatalysis. 624 

The network also illustrates how classical studies remain closely linked with more recent 625 

publications, reflecting the cumulative development of scientific knowledge in this field. 626 

The distribution of co-citation clusters further demonstrates the gradual transition of research 627 

priorities from fundamental enzyme characterization toward application-oriented 628 

investigations. Early influential studies primarily focused on the isolation and biochemical 629 

characterization of bacterial lipases, whereas more recent highly co-cited publications 630 

emphasize protein engineering, immobilization technologies, computational enzyme design, 631 

solvent tolerance, thermostability enhancement, and sustainable industrial applications. This 632 

shift reflects the growing demand for robust biocatalysts capable of operating efficiently 633 

under harsh industrial conditions. 634 

The interconnected nature of the co-citation network indicates that stable bacterial lipase 635 

research has developed a strong intellectual foundation supported by a relatively cohesive 636 

body of scientific literature. Rather than evolving through isolated research themes, the field 637 

has progressed by continuously integrating advances in microbial biotechnology, enzyme 638 

engineering, structural biology, and industrial biotechnology. Such integration has facilitated 639 

the development of innovative strategies for improving enzyme performance and expanding 640 

industrial applications. 641 

Overall, the co-citation analysis demonstrates that the scientific advancement of stable 642 

bacterial lipase research has been guided by a core group of highly influential publications 643 

that continue to shape contemporary research directions. The persistence of these 644 

foundational studies within the co-citation network highlights their importance in establishing 645 

the theoretical and methodological framework upon which current investigations and future 646 

technological developments are built. 647 
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 648 

 649 

3.10 Bibliographic Coupling 650 

Bibliographic coupling analysis was performed to investigate the contemporary intellectual 651 

relationships among publications in stable bacterial lipase research. Unlike co-citation 652 

analysis, which reflects the historical knowledge base of a research field, bibliographic 653 

coupling identifies documents that share common references and therefore represent current 654 

research directions and thematic convergence. The analysis was conducted using VOSviewer 655 

(version 1.6.20) to visualize the similarity among publications based on their shared 656 

bibliographic references. 657 

The bibliographic coupling network demonstrated a highly interconnected research structure, 658 

indicating strong thematic relationships among contemporary publications. Of the 499 journal 659 

articles included in the dataset, 390 documents satisfied the threshold for network 660 

construction. The resulting network comprised 10 thematic clusters, interconnected through 661 

8,606 links with a total link strength (TLS) of 16,666 (Figure 12). The large number of links 662 

and high total link strength indicate substantial overlap in the literature cited by individual 663 

studies, reflecting a well-established and cohesive scientific domain. 664 
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The identified clusters represent major contemporary research directions within stable 665 

bacterial lipase research. Publications grouped within the same cluster frequently shared 666 

references related to enzyme screening, bacterial diversity, molecular characterization, 667 

protein engineering, immobilization technologies, catalytic mechanisms, structural biology, 668 

and industrial bioprocess optimization. Additional clusters emphasized applications of 669 

bacterial lipases in biodiesel production, environmental bioremediation, waste valorization, 670 

pharmaceutical biotechnology, and green chemistry, illustrating the broad industrial 671 

relevance of these enzymes. The close interconnection among clusters suggests that these 672 

research themes are complementary rather than isolated, collectively contributing to the 673 

advancement of enzyme biotechnology. 674 

The high degree of bibliographic coupling further indicates that recent investigations 675 

increasingly build upon a common body of scientific literature. This convergence reflects the 676 

growing maturity of the field, where advances in genomics, metagenomics, computational 677 

biology, protein engineering, and biochemical engineering are integrated to improve enzyme 678 

stability, catalytic performance, and industrial applicability. The extensive sharing of 679 

references among publications also demonstrates that contemporary research is becoming 680 

progressively interdisciplinary, combining experimental and computational approaches to 681 

address challenges associated with enzyme discovery, optimization, and commercialization. 682 

Overall, the bibliographic coupling analysis highlights a cohesive and rapidly evolving 683 

research landscape in which investigators draw upon a shared scientific foundation while 684 

exploring diverse industrial applications of stable bacterial lipases. The strong coupling 685 

relationships observed among publications indicate that future research is likely to continue 686 

integrating molecular engineering, sustainable bioprocess development, and advanced 687 

biotechnological approaches to produce highly efficient bacterial lipases capable of meeting 688 

the increasing demands of modern industrial biotechnology. 689 
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 690 

 691 

3.11 Thematic Evolution 692 

Thematic evolution analysis was performed to examine the conceptual development of stable 693 

bacterial lipase research and to identify shifts in research priorities throughout the study 694 

period. Unlike performance indicators, thematic analysis reveals how scientific themes 695 

emerge, mature, and diversify, thereby providing insights into the intellectual progression of 696 

a research field. The analysis was conducted using the Bibliometrix package (Biblioshiny) 697 

through thematic mapping, trend topic analysis, co-word networks, and factorial analysis to 698 

characterize the evolution of the conceptual structure of stable bacterial lipase research. 699 

The thematic map identified several interconnected research domains representing different 700 

stages of scientific development (Figure 13). Core themes were primarily associated with 701 

bacterial lipases, enzyme stability, biocatalysis, and microbial biotechnology, indicating that 702 

these topics constitute the conceptual foundation of the research field. Their high centrality 703 

reflects strong connections with other research areas, while their density suggests that these 704 

themes have undergone substantial scientific development over the past decade. 705 
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As the field matured, research progressively expanded from fundamental studies of enzyme 706 

isolation, purification, and biochemical characterization toward advanced investigations 707 

involving protein engineering, enzyme immobilization, structural biology, and industrial 708 

bioprocess optimization. These themes have become increasingly interconnected as 709 

researchers seek to improve catalytic efficiency, thermal stability, solvent tolerance, and 710 

operational robustness for industrial applications. The integration of molecular biology, 711 

computational approaches, and biochemical engineering has further accelerated the 712 

development of engineered bacterial lipases with enhanced functional properties. 713 

Trend topic analysis revealed a noticeable transition in research emphasis over time. Earlier 714 

studies were dominated by investigations of lipase production, microbial screening, and 715 

enzyme characterization, whereas more recent publications increasingly focus on 716 

extremophilic microorganisms, protein engineering, enzyme immobilization, organic solvent 717 

tolerance, biocatalysis, biodiesel production, and sustainable biotechnology. This transition 718 

reflects the growing industrial demand for highly stable enzymes capable of operating under 719 

harsh processing conditions while supporting environmentally sustainable manufacturing 720 

technologies. 721 

The factorial analysis and co-word network further demonstrated that the conceptual structure 722 

of the field has become progressively more integrated. Research themes that were previously 723 

investigated independently are now closely associated through multidisciplinary studies 724 

combining microbiology, molecular genetics, structural biology, biochemical engineering, 725 

computational enzyme design, and environmental biotechnology. This convergence indicates 726 

that stable bacterial lipase research is evolving toward comprehensive biotechnological 727 

solutions rather than isolated investigations of enzyme properties. 728 

The observed thematic evolution also reflects broader global scientific priorities emphasizing 729 

renewable bioresources, circular bioeconomy strategies, waste valorization, and green 730 

industrial processes. Emerging themes associated with artificial intelligence-assisted enzyme 731 

engineering, genome mining, metagenomics, synthetic biology, and machine learning-guided 732 

protein design are expected to play increasingly important roles in future research. These 733 

approaches have the potential to accelerate the discovery of novel bacterial lipases, improve 734 

predictive enzyme engineering, and facilitate the development of next-generation biocatalysts 735 

tailored for specific industrial applications. 736 

Overall, the thematic evolution analysis demonstrates that stable bacterial lipase research has 737 

progressed from a predominantly descriptive discipline toward an advanced, 738 

multidisciplinary field focused on engineering robust biocatalysts for sustainable industrial 739 
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biotechnology. The integration of emerging computational technologies with experimental 740 

enzyme engineering is likely to define the next phase of scientific development, creating new 741 

opportunities for innovation in pharmaceutical manufacturing, environmental remediation, 742 

renewable energy production, food biotechnology, and other bio-based industries. 743 

 744 

 745 

3.12 Emerging Research Directions and Future Perspectives 746 

The comprehensive bibliometric analysis demonstrates that research on stable bacterial 747 

lipases has evolved into a mature and multidisciplinary scientific domain with steadily 748 

increasing global interest. The integration of performance analysis, collaboration networks, 749 

citation patterns, thematic mapping, and conceptual structure provides a comprehensive 750 

understanding of the historical development and current status of this research field. The 751 

consistent growth in publication output, increasing citation impact, expanding international 752 

collaborations, and diversification of research themes collectively indicate that stable 753 

bacterial lipases have become one of the most promising classes of industrial biocatalysts for 754 

sustainable biotechnology. 755 
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The thematic evolution and keyword analyses reveal a clear transition from fundamental 756 

investigations of bacterial isolation, enzyme purification, and biochemical characterization 757 

toward application-oriented research emphasizing protein engineering, enzyme 758 

immobilization, industrial biocatalysis, renewable biofuels, environmental remediation, and 759 

sustainable manufacturing. This shift reflects the increasing industrial demand for enzymes 760 

capable of maintaining high catalytic efficiency under elevated temperatures, extreme pH 761 

conditions, and organic solvent-rich environments. Consequently, future research is expected 762 

to focus increasingly on developing robust bacterial lipases with improved operational 763 

stability, substrate specificity, and catalytic performance for large-scale industrial 764 

applications. 765 

Recent advances in molecular biology and computational biotechnology are expected to 766 

further transform bacterial lipase research. Technologies such as genome mining, 767 

metagenomic sequencing, directed evolution, rational protein engineering, and synthetic 768 

biology are enabling the discovery and optimization of novel enzymes from previously 769 

unexplored microbial resources. In parallel, the integration of artificial intelligence (AI) and 770 

machine learning (ML) into enzyme engineering is creating new opportunities for predicting 771 

protein structures, identifying beneficial amino acid substitutions, designing thermostable 772 

variants, and accelerating enzyme optimization while reducing experimental time and cost. 773 

These computational approaches are likely to become integral components of next-generation 774 

enzyme discovery and industrial biocatalyst development. 775 

The collaboration analysis also highlights opportunities for strengthening international 776 

scientific partnerships. Although productive research clusters have been established, 777 

collaboration remains concentrated within relatively small research communities. Expanding 778 

multidisciplinary and multinational collaborations among microbiologists, structural 779 

biologists, computational scientists, biochemical engineers, and industrial researchers will 780 

facilitate technology transfer, resource sharing, and the development of standardized 781 

methodologies. Such collaborative efforts are expected to accelerate innovation and improve 782 

the translation of laboratory discoveries into commercially viable bioprocesses. 783 

From an industrial perspective, stable bacterial lipases are expected to play an increasingly 784 

important role in advancing the circular bioeconomy by enabling environmentally sustainable 785 

manufacturing processes with reduced energy consumption and lower environmental impact. 786 

Their expanding applications in pharmaceutical synthesis, biodiesel production, food 787 

processing, detergent formulation, polymer synthesis, bioremediation, wastewater treatment, 788 

and waste valorization demonstrate their potential to replace conventional chemical catalysts 789 
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with efficient, renewable, and environmentally benign biocatalysts. Future research should 790 

therefore prioritize enzyme stability under industrial conditions, process integration, scalable 791 

production systems, and techno-economic evaluation to facilitate commercial 792 

implementation. 793 

Despite the significant progress identified in this bibliometric study, several challenges 794 

remain. Research activity is still concentrated in a limited number of countries and 795 

institutions, while collaborations among geographically diverse research groups remain 796 

relatively limited. In addition, relatively few studies integrate experimental enzyme 797 

characterization with computational modeling, systems biology, and industrial process 798 

optimization. Addressing these limitations through interdisciplinary research frameworks and 799 

international collaborations will be essential for sustaining scientific progress and expanding 800 

the practical applications of bacterial lipases. 801 

Overall, the findings of this bibliometric study indicate that stable bacterial lipase research is 802 

entering a new phase characterized by the convergence of enzyme biotechnology, 803 

computational biology, artificial intelligence, and sustainable industrial development. 804 

Continued advances in these complementary disciplines are expected to drive the discovery 805 

of highly efficient bacterial lipases and support their widespread application across 806 

biotechnology, pharmaceutical manufacturing, environmental engineering, renewable energy 807 

production, and other bio-based industries. 808 

 809 

4. Conclusion 810 

This study presents a comprehensive bibliometric assessment of global research on stable 811 

bacterial lipases published between 2010 and 2026, based on 499 peer-reviewed journal 812 

articles retrieved from the Lens.org database. By integrating bibliometric performance 813 

indicators with science mapping techniques using Bibliometrix/Biblioshiny and VOSviewer, 814 

the study provides a detailed overview of the scientific development, intellectual structure, 815 

collaborative networks, and thematic evolution of this rapidly expanding research field. 816 

The findings demonstrate that research on stable bacterial lipases has experienced sustained 817 

growth over the past decade, accompanied by increasing scientific impact and extensive 818 

international participation. The progressive rise in publication output, citation performance, 819 

and multidisciplinary collaborations reflects the growing importance of bacterial lipases as 820 

robust industrial biocatalysts. Source, author, institutional, and country analyses identified the 821 

major contributors driving scientific advancement, while co-authorship, co-citation, keyword 822 
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co-occurrence, and bibliographic coupling analyses revealed a well-established knowledge 823 

network supported by closely interconnected research communities. Thematic evolution 824 

further demonstrated a clear transition from fundamental studies on enzyme isolation and 825 

biochemical characterization toward advanced research focusing on protein engineering, 826 

enzyme immobilization, industrial biocatalysis, environmental sustainability, renewable 827 

biofuels, and circular bioeconomy applications. 828 

This bibliometric investigation also highlights several emerging trends that are expected to 829 

shape future research. Advances in genome mining, metagenomics, synthetic biology, 830 

directed evolution, and rational protein engineering are expanding the discovery and 831 

optimization of novel bacterial lipases with enhanced catalytic properties. Furthermore, the 832 

integration of artificial intelligence, machine learning, and computational protein design into 833 

enzyme engineering is creating new opportunities for accelerating enzyme discovery, 834 

improving predictive molecular engineering, and developing highly efficient biocatalysts 835 

tailored for specific industrial processes. 836 

Despite the significant progress achieved, the study identifies opportunities to strengthen 837 

international collaboration, expand research participation across underrepresented regions, 838 

and enhance interdisciplinary integration between microbiology, structural biology, 839 

computational sciences, and biochemical engineering. Addressing these challenges will 840 

facilitate the translation of laboratory discoveries into scalable industrial technologies and 841 

promote the broader commercial utilization of stable bacterial lipases. 842 

Overall, this study provides a comprehensive bibliometric benchmark for stable bacterial 843 

lipase research and establishes a valuable knowledge framework for researchers, industrial 844 

stakeholders, and policymakers. The findings not only summarize the historical development 845 

and current scientific landscape of the field but also identify future research priorities that 846 

will contribute to the advancement of sustainable enzyme biotechnology, green industrial 847 

processes, pharmaceutical manufacturing, environmental remediation, and renewable bio-848 

based industries. 849 
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