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United Kingdom; armstrongding@163.com; ORCID: 0000-0003-0116-3648 

Abstract: Biofilm matrix is akin to bacterial abodes, primarily composed of proteins, polysaccharides, 

extracellular DNA, and lipids, providing essential structural support to bacteria. While some biofilm matrix 

offers significant benefits, such as engineered biofilm reactors that assist in water pollutant removal, others 

pose risks to human health, potentially leading to conditions like lung infections. Realizing the potential of 

advantageous biofilm matrix and mitigating the harmful effects of detrimental ones necessitates a 

comprehensive and systematic exploration of this intricate domain. To facilitate this examination, our study 

leveraged a dataset of the 1000 most pivotal papers in the field and conducted an exhaustive bibliographic 

review. This paper serves as a valuable resource for understanding the current progress in biofilm matrix 

research and delving into vital avenues for future exploration in this dynamic field. 
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1. Introduction 

Biofilms are intricate microbial ecosystems characterized by the coexistence of diverse bacterial 

species, living in close proximity within a matrix [1,2]. This matrix, often termed the "biofilm matrix," 

acts as the very foundation of this unique bacterial community, analogous to the shelter and 

infrastructure that supports human society [3–5]. Comprising a complex network of proteins, 

polysaccharides, extracellular DNA, and lipids, the biofilm matrix plays an essential role in 

sustaining the structural integrity and functionality of these bacterial consortia [6–8]. 

The biofilm matrix can be likened to the architectural framework of a city, providing stability 

and a habitat for its inhabitants, in this case, bacteria. It encapsulates a microcosm where bacteria 

collaborate, communicate, and adapt to their environment, forming complex structures on a variety 

of surfaces [9,10]. This symbiotic existence holds profound implications for a multitude of 

applications, spanning from health and industry to environmental science [11,12]. One of the most 

intriguing aspects of biofilm matrix is the duality they embody [13,14]. On one hand, they are 

harnessed for beneficial purposes, serving as powerful tools for a myriad of applications [15,16]. 

Engineered biofilm reactors, for instance, leverage the potential of biofilm matrix for water pollutant 

removal [17,18]. These innovative systems provide an eco-friendly and effective solution to the 

pressing global challenge of water purification [19,20]. By harnessing the remarkable capabilities of 

biofilm matrix, they facilitate the removal of pollutants and contaminants from water sources, 

resulting in cleaner and safer aquatic ecosystems [21–23]. 

However, the story does not end here. The narrative of biofilm matrix extends beyond their 

constructive applications [24,25]. Some biofilm matrix harbours intrinsic risks to human health and 

environmental equilibrium [26–28]. This sinister aspect of biofilm existence underscores the darker 

side of microbial communities and their matrix [29]. The biofilm matrix can be responsible for 

detrimental effects on human health, including respiratory issues like lung infections, creating a stark 

contrast to their beneficial counterparts [30–32]. With these divergent roles, it is imperative to 

recognize the significance of distinguishing between advantageous and harmful biofilm matrix 

[33,34]. Realizing the potential of biofilm matrix in enhancing human life and mitigating the adverse 

consequences of detrimental ones necessitates a comprehensive exploration of this intricate and 

multifaceted domain [35]. Only through a systematic and in-depth investigation can we discern the 
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nuances, characteristics, and functionalities of biofilm matrix, which will help us unlock their full 

potential for the betterment of human life and environmental conservation [36]. 

In our quest to navigate the labyrinth of biofilm matrix, this study embarked on a comprehensive 

journey that employed an extensive dataset of the 1000 influential papers in the field. This exhaustive 

bibliographic review sought to provide a comprehensive snapshot of the current state of knowledge 

and developments in biofilm matrix research. This painstaking and thorough examination was a key 

step in unravelling the mysteries surrounding biofilm matrix, shedding light on the important aspects 

of their structure, functions, and applications. In doing so, this study not only contributes to a better 

understanding of biofilm matrix but also acts as a valuable resource, paving the way for future 

explorations and scientific inquiries in this dynamic and ever-evolving field. 

The intricate interplay between beneficial and harmful biofilm matrix raises a myriad of 

questions and invites a wide array of investigations. Exploring the biofilm matrix landscape is not 

only a scientific endeavour but also a journey with profound implications for human health, the 

environment, and various industries. It is a field of study where the interconnectedness of biology, 

materials science, and engineering converges to offer innovative solutions for real-world problems. 

By peeling back the layers of biofilm matrix, we may uncover new strategies for water treatment, 

public health, and environmental conservation, ultimately contributing to a more sustainable and 

harmonious world. 

In this paper, we aim to provide a comprehensive overview of the landscape of biofilm matrix, 

delving into their structure, composition, and roles in both beneficial and harmful contexts. We will 

also examine how biofilm matrix can be harnessed for beneficial applications, especially in the context 

of engineered biofilm reactors for water pollutant removal. Additionally, we will explore the dark 

side of biofilm matrix, understanding the challenges they pose in terms of human health, with a 

particular focus on lung infections. As we navigate through this intricate and multifaceted domain, 

we hope to not only present a clear picture of the current state of biofilm matrix research but also to 

uncover the critical avenues for future exploration and innovation in this dynamic field. This paper 

is an essential resource for those interested in understanding the multifaceted nature of biofilm 

matrix and the complex interplay between their benefits and risks. 

2. Material and methods 

In this research, our methodology consisted of a systematic approach to gather and analyse the 

most influential papers related to biofilm matrix [37]. We conducted an exhaustive search on Web of 

Science by Clarivate, a reputable source of academic publications [38]. Our search query was "biofilm 

matrix," aimed at identifying a comprehensive dataset of scholarly works in this domain. We selected 

this dataset from a vast collection, specifically targeting influential papers that offer valuable insights 

into biofilm matrix. Once the dataset of 1000 papers were identified, we meticulously gathered 

bibliographic data from each of these papers. This data included various critical elements such as 

author information, affiliations, keywords, and citations. The purpose of this extensive data collection 

was to facilitate a comprehensive analysis of the existing body of knowledge regarding biofilm 

matrix. 

Our subsequent step involved the utilization of VOSviewer 1.6.19, a widely recognized tool for 

creating bibliometric maps based on bibliographic data [39–41]. With the 1000 selected papers as our 

foundation, we imported the entire dataset into VOSviewer in the Plain Text Format, ensuring that 

we had access to the full record of each publication. This step was pivotal in enabling us to conduct 

a thorough and in-depth analysis of the dataset. In the VOSviewer application, we conducted various 

types of analyses to gain valuable insights into the domain of biofilm matrix. These analyses focused 

on different aspects of the bibliographic data, allowing us to explore the key relationships and 

associations within this field. Specifically, we conducted three types of analyses: 

(1) Co-occurrence Analysis: Keywords 

In this analysis, we examined the co-occurrence of keywords within the dataset. We set a 

minimum threshold of 50 occurrences for a keyword to be considered significant. This analysis 
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provided us with insights into the most prevalent and interconnected terms and concepts within 

biofilm matrix research. 

(2) Co-authorship Analysis: Organizations 

Our second type of analysis focused on the co-authorship relationships among organizations. 

We set a minimum requirement of 8 documents produced by an organization to establish a significant 

co-authorship relationship. This analysis enabled us to identify the key institutions and research 

bodies actively contributing to the field. 

(3) Co-authorship Analysis: Countries 

In the third analysis, we explored co-authorship relationships among countries. Here, we set a 

minimum threshold of 20 documents produced by a country to determine a significant co-authorship 

relationship. This analysis shed light on the global collaboration and distribution of research efforts 

related to biofilm matrix. 

Based on the outcomes of these three distinct analyses, we constructed a comprehensive map 

within VOSviewer. This map visually represented the intricate web of associations, keywords, 

organizations, and countries in the field of biofilm matrix. The creation of this map served as a 

fundamental step in our research, providing us with a holistic perspective of the domain. By 

employing this rigorous and systematic methodology, we aimed to not only compile a 

comprehensive overview of the current state of biofilm matrix research but also to identify the key 

trends, relationships, and avenues for future exploration in this dynamic field. This methodological 

approach allowed us to navigate through the complexity of biofilm matrix and provided a solid 

foundation for our subsequent analyses and discussions. 

3. Results 

Figure 1 provided an illuminating visualization of the most important keywords associated with 

the term "biofilm matrix." This comprehensive keyword analysis yielded valuable insights into the 

field, shining a spotlight on prominent species names, including "Pseudomonas aeruginosa," 

"Staphylococcus aureus," and "Escherichia coli." These species, widely recognized as the primary model 

organisms in biofilm matrix research, play a pivotal role in advancing our understanding of biofilm 

matrices. Furthermore, the analysis shed light on key process-related terms such as "gene expression," 

"expression," "growth," "infections," and "resistance," highlighting the fundamental processes 

intricately linked to biofilm matrices. Unravelling the significance of these species and processes is 

not only central to grasping the nuances of biofilm matrix studies but also critical for appreciating 

their far-reaching implications across diverse applications and industries. This understanding will 

pave the way for future research and innovation in this dynamic field. 

Figure 2 offers an informative and comprehensive portrayal of the primary institutions actively 

involved in the vibrant realm of "biofilm matrix" research. Within this diverse landscape, several key 

institutions have emerged as influential players, leaving an indelible mark on the progression of our 

knowledge about biofilm matrices. Notably, esteemed institutions such as Nanyang Technological 

University, Stanford University, and the Chinese Academy of Sciences (CAS) have made substantial 

and noteworthy contributions, significantly advancing our understanding of biofilm matrices. 

Moreover, it is essential to acknowledge the significant roles played by other institutions, including 

Montana State University, Aarhus University, University of Copenhagen, Technical University of 

Denmark, University of Pennsylvania, University of Wisconsin, Ohio State University, University of 

Washington, and Harvard University. These institutions have actively participated in the ongoing 

dialogue and collaborative efforts that define the dynamic landscape of research in the field of biofilm 

matrices. Recognizing the vital role of these institutions is central to appreciating the extensive 

cooperation and knowledge-sharing that underpin the continued evolution of this field. This 

acknowledgment underscores the diverse expertise and insights contributed by these institutions, 

collectively enriching our understanding of biofilm matrix research and its manifold applications. 
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Figure 1. Keyword Clusters - VOSviewer identifies thematic clusters by analysing keyword co-

occurrence. Colours denote distinct thematic groups of frequently associated keywords. 

 

Figure 2. Collaboration Networks - Colours in these networks indicate varied collaborative clusters 

among connected institutions. 

Figure 3 offers a compelling visual representation of the primary countries and regions actively 

engaged in the expansive domain of biofilm matrix research. This global perspective reveals the 

remarkable diversity of international contributions to this field. While certain regions have taken a 

prominent role, it is the collective effort of nations around the world that drives the continual 

expansion of knowledge in biofilm matrices. Notably, China, Singapore, the USA, and the UK have 
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emerged as leaders in biofilm matrix research, making significant and influential contributions to the 

field. Their dedication to advancing our understanding of biofilm matrices serves as a testament to 

their commitment to scientific progress. Furthermore, it's imperative to recognize the substantial 

contributions made by other countries and regions, such as Canada, Italy, France, Denmark, Spain, 

Germany, Portugal, Brazil, Netherlands, Japan, India, and South Korea. These nations have also 

played pivotal roles in enriching the body of knowledge related to biofilm matrices. The collaborative 

and diverse efforts of countries and regions worldwide underscore the international scope and 

significance of research endeavors in the realm of biofilm matrices. It is through this collective 

engagement and shared insights that our comprehension of biofilm matrices continues to evolve and 

expand, ultimately benefiting various industries and applications on a global scale. 

 

Figure 3. Collaboration Networks - Colours in these networks indicate varied collaborative clusters 

among connected countries/regions. 

4. Discussion 

4.1. Biofilm matrix: A growing awareness in scientific research 

The last 15 years have witnessed a remarkable surge in research papers dedicated to the 

multifaceted domain of biofilm matrix. This surge can be attributed to the growing awareness among 

scientists regarding the profound impact of biofilm matrix on various aspects of human daily life. 

Table 1 thoughtfully compiles an assortment of pivotal research papers published over this time 

frame, shedding light on the substantial growth in this field. 

A closer examination of Table 1 reveals the diverse range of microorganisms employed by 

researchers to delve into the intricacies of biofilm matrix. These microorganisms include Escherichia 

coli, Shewanella oneidensis, Comamonas testosterone, Bacillus halodurans, and Pseudomonas aeruginosa, 

underscoring the breadth of species harnessed in the pursuit of biofilm matrix knowledge. 

Furthermore, the research areas within biofilm matrix studies are as diverse as the microorganisms 

themselves. 

In the engineering domain, biofilm matrix has emerged as a potent tool for addressing 

environmental challenges. Water sources are polluted by heavy metal in many developing countries 

[42]. Biofilm matrix can be instrumental in the removal of pollutants and the purification of water 

sources [43–45]. Simultaneously, they have found utility in the creation of microbial fuel cells that 
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generate energy, opening new avenues for sustainable power generation [46–48]. Biofilm matrix has 

also played a transformative role in the realm of civil engineering, contributing to the development 

of self-healing concrete, which promises to revolutionize infrastructure durability [49–51]. 

Within the medical sphere, biofilm matrix has presented a unique challenge related to lung 

infections [52–54]. The techniques for preventing and treating such infections have garnered intense 

research focus, given their critical importance to public health and well-being. Concurrently, the 

chemical characterization field has witnessed significant efforts aimed at unravelling the chemical 

mapping and obtaining higher-resolution fluorescence images of biofilm matrix [55–57]. These 

endeavours have deepened our understanding of the intricate composition of biofilm matrix and 

their potential applications. 

In essence, the burgeoning interest in biofilm matrix and their multifaceted roles underscores 

the pivotal position this field occupies in contemporary research, promising innovative solutions to 

some of the most pressing challenges in environmental engineering, healthcare, and materials 

science. 

Table 1. Prominent research in the biofilm matrix field over the past 15 years. 

Category Model species Main findings Reference

Engineering 
Shewanella sp. HRCR-

1 

U(VI) was immobilized by the Shewanella sp. 

HRCR-1 biofilms  
[43] 

Engineering Shewanella oneidensis  
Cr(VI) was immobilized by the Shewanella 

oneidensis MR-1 biofilm 
[44] 

Engineering Comamonas testosteroni 
Biodegradation of 3-chloroaniline by 

Comamonas testosteroni biofilm and c-di-GMP  
[45] 

Engineering 
Shewanella oneidensis / 

Escherichia coli 

Electricity genernation and high-performance 

microbial fuel cells by biofilm matrix 
[46–48] 

Engineering Bacillus halodurans 
Biofilm matrix enhanced the self-repairing 

process in concrete 
[49–51] 

Medicine 
Pseudomonas 

aeruginosa 

Biofilm matrix leaded to infection in a COVID-

19 patient 
[52] 

Medicine 
Pseudomonas 

aeruginosa 
Biofilm matrix leaded to chronic lung infection [53] 

Medicine Staphylococcus aureus 

Staphylococcus aureus biofilm formation causing 

infection can be reduced by linezolid or 

vancomycin 

[54] 

Chemical 

characterization 
Shewanella oneidensis  

Molecular ion signal intensity for in situ 

biofilm matrix SIMS analysis was improved 
[55] 

Chemical 

characterization 
Shewanella oneidensis  

In situ molecular imaging of the biofilm matrix 

was achieved by SIMS 
[56,57] 

Chemical 

characterization 

Pseudomonas 

aeruginosa 

The biofilm matrix is identified by MALDI-

TOF MS 
[58] 

4.2. Revolutionizing healthcare with innovative biofilm control 

The imperative need for anti-bacterial and anti-biofilm strategies in biofilm research cannot be 

overstated due to the severe health risks associated with biofilm matrix-related infections [52,53]. As 

biofilm matrix are known to be a significant factor in infections that pose a direct threat to human 

lives, there has been a surge in research aimed at controlling biofilm development. A noteworthy 

example of this research is the incorporation of TiO2 nanoparticles into cementitious materials [59,60], 

which has demonstrated remarkable antibacterial properties, effectively halting biofilm matrix 

development when exposed to light sources [61,62]. This technology holds great promise for 

application in hospital settings, where the control of hospital-acquired infections is of paramount 
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concern. Implementation of such innovations in healthcare facilities could substantially enhance 

infection control measures, instilling greater confidence and safety among patients and visitors. 

4.3. The promise of big data and machine learning in biofilm research 

In the current era, various innovative technologies, such as big data and machine learning, have 

rapidly evolved and found applications across diverse fields, including psychological education 

policy [63], ecological predictions [64], and self-driving technology [65–67]. Looking forward, 

envision a future where biofilm matrix data, including valuable information like chemical mapping 

data, can be systematically collected, and compiled from a multitude of studies, potentially amassing 

a database of more than a thousand records. This envisioned database would serve as a vast and 

comprehensive resource for scientists seeking to delve into the complexities of biofilm matrix. With 

such a substantial dataset at their disposal, scientists can harness the power of machine learning 

models to gain deeper insights into biofilm matrix. These insights, in turn, could significantly 

contribute to various aspects of medical decision-making, drug design, and infection control, 

ushering in a new era of knowledge-driven approaches to combat biofilm-related health threats. 
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