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  ABSTRACT  

Nosocomial infections represent a formidable challenge and induce a substantial 

burden on patients and healthcare systems. These infections result from the interaction 

 of numerous pathogenic microorganisms, particularly bacteria, and lead to increased 

morbidity, mortality, and healthcare costs. Extensive research has been carried out to 

devise innovative solutions, mainly focusing on antimicrobial natural and synthetic 

substances. However, the proclivity of bacterial strains to form biofilms complicates 

treatment and elevates antibiotic resistance, prompting research into pioneering more 

effective and versatile antibacterial strategies. Borate bioactive glasses (BBGs) are the 

latest, remarkable classes of biomaterials with a wide array of medical applications, 

owing to their superior bioactive properties, antibacterial capabilities, and 

biodegradability. This research aims to provide an in vitro comprehensive modeling to 

investigate the antibacterial properties of copper and zinc-doped BBGs and endeavors to 

establish their prospective mechanisms in inhibiting/preventing biofilm formation and 

reducing bacterial species commonly implicated in HAI incidences: Staphylococcus 

epidermidis, Escherichia coli, and Pseudomonas aeruginosa. Results demonstrate a 

significant reduction in bacterial growth within 2 days and 3 days for direct and indirect 

application of copper and zinc-doped BBGs respectively, and findings were consistent 

among all the bacterial species. The amalgamation of Molecular Microbiology and 

Materials Science within this research paves the way for future endeavors to optimize the 

application of enhanced BBGs in medical settings to combat the pervasive, ceaseless 

threats of nosocomial infections.  
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1. INTRODUCTION 

Nosocomial infections pose a significant global health concern, imposing a severe 

burden on healthcare systems. These infections, often caused by highly adaptable 

pathogenic microorganisms, are responsible for substantial morbidity and mortality rates, 

leading to increased healthcare costs [1, 2]. Nosocomial infections affect hundreds of 

millions of patients worldwide each year, with the CDC estimating that on any given day, 

about one in 31 hospital patients has at least one infection [3, 4]. The ability of bacteria to 

form biofilms, complex communities that are inherently resistant to antibiotics, 

exacerbates the challenge of treatment and elevates antibiotic resistance [5]. 

Borate bioactive glasses (BBGs) are a class of bioactive materials that were first 

introduced in the late 1990s and early 2000s as alternatives to silicate-based bioactive 

glasses, which were pioneered by Larry Hench in the late 1960s [6]. BBGs were 

developed to enhance the bioactivity and degradation rate thereby offering improved 

performance for certain biomedical applications [7, 8]. BBGs have been explored for a 

wide range of medical applications due to their unique combination of bioactivity, 

biodegradability, and antibacterial properties. Some of their prominent applications 

include [7-11]: 

1. Bone Regeneration: BBGs have been used in orthopedics and dentistry for bone 

tissue engineering due to their ability to bond to bone and stimulate osteogenesis.  

2. Wound Healing: They have been studied for wound healing applications because of 

their ability to release therapeutic ions that can enhance healing. 

3. Drug Delivery Systems: BBGs have been used as vehicles for controlled drug 

delivery, especially for localized treatment at the site of implantation or injury. 
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 4. Tissue Scaffolds: Their solubility and bioactivity make them suitable for 

scaffolding, helping to support and guide the growth of new tissue. 

5. Antimicrobial Applications: Due to their ability to release therapeutic ions, BBGs 

have been investigated for their potential to prevent or treat infections, particularly in 

scenarios where bacterial biofilms are a concern. 

6. Bioactive Coatings: BBGs can be used to coat metal implants to improve their 

integration with bone and to reduce the risk of post-surgical infections. 

7. Cancer Treatment: Research is investigating the incorporation of therapeutic ions or 

drugs into BBGs for localized cancer therapy, exploiting their bioactive properties to 

target tumor sites. 

8. Enzyme Immobilization: The porous structure of BBGs can be advantageous for 

immobilizing enzymes in biosensors or bioreactors, which have applications in 

diagnostics and industry. 

9. Nerve Regeneration: There is interest in using BBGs in nerve repair and 

regeneration due to their ability to support the growth of nerve cells and tissues. 

10. Soft Tissue Engineering: BBGs are also being tailored for soft tissue applications 

by modifying their degradation rates and mechanical properties to match those of soft 

tissues. 

11. Ocular Applications: Due to their biocompatibility and transparency when 

processed appropriately, BBGs have potential uses in ocular implants or in the delivery of 

ocular drugs. 

12. Vascularization: BBGs doped with specific ions can promote blood vessel 

formation, which is critical for the success of any tissue-engineered implant. 
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 13. Anti-inflammatory Applications: Certain compositions of BBGs can exert an anti-

inflammatory effect, making them suitable for treating chronic inflammatory diseases. 

14. Scaffold for Cartilage Repair: The ionic dissolution products from BBGs can 

stimulate chondrocytes, making them suitable for cartilage tissue engineering scaffolds. 

15. Gene Delivery: Modifying BBGs to serve as vectors for gene delivery is a novel 

area that could facilitate the treatment of genetic diseases or tissue regeneration through 

gene therapy. 

16. Detoxification: BBGs with specific compositions can adsorb and neutralize toxins 

in the body or in the environment, which could be used in applications for detoxification. 

17. Radiopacity: BBGs can be designed to be radiopaque, which is beneficial for real-

time monitoring of the behavior and degradation of implants within the body using non-

invasive imaging techniques. 

18. Stem Cell Carriers: BBGs can serve as carriers for stem cells, providing a 

supportive matrix that can be used to repair or regenerate diseased tissues and organs. 

19. Dental Regeneration: BBGs are being studied for their potential in dentin 

regeneration, root repair, and as components in dental fillings due to their ability to 

support the mineralization of tooth structures. 

The wide range of applications for BBGs demonstrate to their versatility and potential 

to revolutionize various aspects of healthcare. As research continues to advance, new and 

more varied uses for BBGs will be likely discovered.  

Metal-ion doped BBGs emerge as potent biomaterials for their potential application in 

mitigating nosocomial infections. Since BBGs are highly biodegradable, they allow for a 

faster, controlled dissolution and localized therapeutic effects [7]. Copper-doped BBGs 



                                                                                                                                       

 

4 

 exhibit potent antimicrobial activity, which has been attributed to the oligodynamic effect 

of copper ions [12, 13]. Copper can disrupt bacterial cell membranes and induce 

oxidative stress within microbial cells, leading to cell death. Besides, zinc plays a pivotal 

role in numerous biological processes, including enzyme function, protein synthesis, and 

cell signaling [14]. Zinc-doped BBGs release zinc ions in a controlled manner, which can 

promote osteogenesis by stimulating bone-forming cells and enhancing bone tissue 

regeneration. Zinc ions have also been shown to exhibit antibacterial properties, although 

typically less potent than copper [15]. The release of zinc ions at concentrations of 

around 0.5 to 2.0 weight percent from BBGs has been demonstrated to inhibit bacterial 

colonization and biofilm formation [7, 16]. When combined, copper and zinc ions can 

provide a broad spectrum of antibacterial effects while also supporting cellular functions 

essential for tissue regeneration.  

This study aims to unravel the potential of copper and zinc doped BBGs to inhibit 

severe biofilms in various of clinically relevant scenarios through a comprehensive 

predictive modeling approach, considering various factors such as bacterial growth 

kinetics, biofilm formation propensity, and material dissolution rates, to assess the 

antibacterial effectiveness of these innovative materials. Severe biofilms, often associated 

with chronic infections and high treatment failure rates, were selected for rigorous testing 

in this research. The BBGs were applied either directly onto the biofilm structures or 

indirectly, utilizing their dissolution products to understand the full scope of their 

antibacterial potential. To assess the efficacy of BBGs against the biofilms, several 

analytical techniques were employed. Scanning Electron Microscopy (SEM) provided 

detailed morphological insights into biofilm disruption, while Confocal Laser Scanning 
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 Microscopy (CLSM) offered a three-dimensional visualization of biofilm architecture 

and viability. Moreover, machine learning algorithms were utilized for quantitative 

analysis, enhancing the objectivity and reproducibility of biofilm assessment. 

S. epidermidis, E. coli, and P. aeruginosa are three bacterial species that are notably 

implicated in nosocomial infections, presenting significant challenges in clinical settings 

due to their prevalence, virulence, and resistance profiles [17]. S. epidermidis is a gram-

positive bacterium that has emerged as a major nosocomial pathogen, particularly 

associated with infections related to indwelling medical devices such as catheters and 

prostheses. The ability of S. epidermidis to persist on surfaces and within biofilms makes 

it a formidable cause of nosocomial infections [18]. E. coli is a gram-negative bacterium 

commonly found in the human gut. While many strains are harmless, many are 

pathogenic, causing illnesses ranging from urinary tract infections (UTIs) to neonatal 

meningitis and gastroenteritis [19]. Moreover, P. aeruginosa is a gram-negative, 

opportunistic pathogen characterized by its intrinsic resistance to many antibiotics and 

disinfectants. It is particularly notorious in hospital settings for causing chronic 

respiratory infections in cystic fibrosis patients, burn wound infections, and keratitis [20]. 

P. aeruginosa biofilms are highly resistant to both immune responses and antimicrobials 

due to their complex architecture and reduced metabolic rate. This bacterium's ability to 

thrive in moist environments, such as respiratory equipment and indwelling catheters, 

coupled with its formidable defense mechanisms, makes it a leading cause of nosocomial 

infections. 

This study represents a multidisciplinary approach among microbiology, chemistry, 

and materials science to introduce a novel treatment modality to minimize nosocomial 
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 infections and the clinical emergence of antibiotic-resistant genes. Nosocomial infections 

and antibiotic resistance are intertwined issues that drive up the cost of healthcare 

significantly. Therefore, this research could have profound implications for healthcare 

costs by reducing the frequency of these infections, the need for prolonged antibiotic 

treatments, and the incidence of antibiotic-resistant infections. The application of copper 

and zinc doped BBGs could represent a paradigm shift in infection control within 

clinical, biomedical, and medical settings. Successful implementation of the proposed 

biomaterial can significantly reduce unnecessary morbidity and mortality, the economic 

burden associated with nosocomial infections and antibiotic resistance, and create more 

resilient healthcare systems.   
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 PAPER 

Ⅰ. METAL-ION DOPED BORATED BASED BIOACTIVE GLASSES: 
ANTIMICROBIAL MECHANISMS AND BIOMEDICAL APPLICATIONS 

 
Sarah Fakher and David Westenberg 

 

ABSTRACT 

Bioactive glasses (BGs) are physiologically reactive surface biomaterials widely used 

in biomedical applications and various treatments. Borate bioactive glasses (BBGs) are 

third-generation BGs, and they exhibit superior biodegradable, bioactive, 

osteoconductive, antibacterial, and biocompatible properties compared to other types of 

BGs. Certain concentrations of dopant ions have been incorporated into the chemical 

structure of BBGs to enhance their biological functionalities and antimicrobial properties. 

It was demonstrated that those ions play a crucial role in the biological responsiveness in 

vitro and in vivo once in contact with a physiological environment. The dissolution 

products of ion-doped BBGs were noted in their ability to stimulate gene expression 

related to cell differentiation and proliferation, promote angiogenesis, display anti-

inflammatory effects, and inhibit bacterial growth within a few hours. Thus, metal-ion-

doped BBGs address several limitations encountered by biomedical, tissue engineering, 

and infection control applications. Considering the research studies on BBGs to date, this 

review aims to analyze metal-ion-doped BBGs based on their primary antibacterial 

mechanisms and biomedical properties.   
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 1. INTRODUCTION 

BGs have been widely used during the last 50 years to regenerate, replace, and repair 

living tissues. The first silicate-based BG, trade named 45S5 Bioglass® (wt. %: 45SiO2, 

24.5Na2O, 24.5CaO, 6P2O5), was produced by Larry Hench in 1969, and it was 

subsequently approved by the US Food and Drug Administration (FDA) [1] [2]. Because 

the 45S5 glass structure encompassed various elements and maintained several basic 

characteristics, it was used for bone replacement, orthopedic, and dental applications. 

Since then, novel BG compositions have been developed for biomedical applications, and 

efforts have been concentrated on developing BGs with enhanced properties, such as 

those that can enhance cellular proliferation and influence gene expression.  

     BGs are considered “bioactive” based on their ability to form an apatite layer after 

contact with body fluids and upon their degradation and dissolution of biologically active 

ions. The degradation of BGs occurs through several stages [1] [2]. As the BG gets in 

contact with body fluids, an ion exchange occurs, and the pH increases as a result. The 

phosphate ions present in the medium react with the calcium ions that disintegrated from 

the glass. This reaction forms an amorphous calcium phosphate layer (ACP) on the BG’s 

surface. The ACP continues to form and grow as ions continue to disintegrate. After the 

calcium-phosphate layer grows on the surface of the BG, it crystallizes to form a 

hydroxycarbonate apatite (HAP), which is the main mechanism beyond bone-BG 

bonding. The ion disintegration is associated with enhanced osteogenic functions, and the 

HAP is critical in bond formations between the soft tissue and/or the bond between the 

implant and the bone. The bioactivity of the glass is assessed by how fast it is integrated 

and the rate by which the HAP layer forms. Depending on the type, composition, 
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 porosity, and manufacturing method, each form of BGs has a distinctive degradation 

kinetic, which can take from hours to months.   

     The most common BGs used in biomedical applications are 45S5 S53P4 (silicate-

based BGs) and 13-93B3 (borate-based BGs). In the past 20 years, research has 

introduced BBGs, which were proven to be advantageous over all other types of BGs. In 

vitro and in vivo studies elucidated the potency of borate-based BGs in biomedical and 

regenerative applications such as chronic wound healing. According to research studies, 

the conversion of calcium phosphate in silicate-based BGs is partially complete. Due to 

the high heat treatment required for silicate-based BGs, silicate glasses become non-

crystallized and difficult to produce in various forms. The degradation and conversion of 

BBGs into HAP is similar to that of silicate-based BGs [3] [4]; however, BBGs do not 

involve the formation of a silica-rich layer, demonstrating the faster surface reaction of 

BBGs and their complete conversion into a HAP (Figure. 1). Moreover, the rapid 

degradation rate of the glass supports cell proliferation in vivo. The therapeutic potential 

of silicate BGs is limited by incomplete degradation in vitro; unlike silicate glasses, 

borate glasses fully degrade and convert into a HAP layer [5]-[7]. Some studies have 

observed the conversion of BBGs in SBF after 7 days through scanning electron 

microscopy (SEM) and x-ray diffraction (XDR) analysis [8]. According to other studies, 

BBGs displayed complete degradation in as less as 4 days, converting ultimately into a 

HAP layer [9]. This phenomenon has been imputed to the combination of the trigonal and 

tetrahedral reduced network connectivity in BBGs [10] [11]. It was further observed that 

borate also fully degraded in the body fluids, leaving no remaining degradation products 

[12]. 



                                                                                                                                       

 

10 

       BBGs come in different forms such as granules for regenerative purposes, fibers 

for wound healing, composites for fillings, and powder for biomedical device coatings. 

Another potential application is BBGs loaded with antibiotics for treating local 

infections. For the aforementioned reasons, BBGs have gained considerable attention 

recently in wound healing applications and tissue engineering. Most forms of borate 

glasses were approved by the US FDA and are currently commercially available [13] 

[14]. Metallic ions are essential components of BGs. Besides metallic ions, biologically 

active ions have been incorporated into BGs to enhance their antibacterial and biological 

activity. Those ions include silver (Ag), copper (Cu), gallium (Ga), titanium (Ti), 

strontium (Sr), Iodine (I), zinc (Zn), cerium (Ce), and tellurium (Te) [15]-[18]. According 

to the literature, those elements have been particularly documented to play a role in 

promoting the antibacterial and biological activity of BBGs [19]-[21].  

     Infections are one of the most serious risks that accompany surgical procedures and 

most biomedical applications. For instance, about 2.5% of hip and knee replacement 

surgeries and 10% of joint replacement surgeries get complicated due to bacterial 

infections [22]. BGs have been modified to overcome the risk of infection and failure of 

implants. Incorporating metal ions into BGs has been demonstrated to help prevent 

bacterial colonization and minimize infections [23]. The ion disintegration of BGs 

increases the pH and causes an acid-base imbalance, leading to osmotic pressure in the 

surrounding medium, creating a hostile environment for the bacteria, and inhibiting 

bacterial growth. However, a very high increase in pH that exceeds the level of critical 

concentration can also have a cytotoxic effect on the surrounding cells, altering the gene 

expression of cells [24]. Moreover, biocidal ions can prevent bacterial attachment and 
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 disrupt the bacterial replication processes by damaging their DNA and RNA in different 

ways such as decreasing the bacterial iron uptake, generating reactive oxygen species 

(ROS), and altering the bacterial metabolic and functional pathways. Despite all studies 

performed to elucidate the antibacterial effect of BGs, the main mechanism beyond the 

antibacterial properties of BGs has not yet been fully investigated.  

 

2. BORATE BIOACTIVE GLASSES 

2.1. OVERVIEW 

Boron affects some metabolic pathways and is an essential element for humans, 

making boron-containing BGs beneficial in biomedical applications. BBGs have gained 

considerable attention for their potential application in soft tissues and bone grafts due to 

their low chemical durability and high solubility compared to other types of BGs [8][25]. 

The faster dissolution rate of BBGS is ascribed to the boron content of the glass. 

Moreover, boric acid renders BBGs antiseptic. The antibacterial activity and the faster 

degradation rate of BBGs make them promising in wound healing and other biomedical 

applications [26]. Given their ability to fully and rapidly transform into bone-like apatite 

crystals, BBGs provide a potent alternative to other types of BGs. The high bioactivity 

and biodegradability of BBGs open multifarious possibilities for their application in the 

biomedical and tissue engineering fields. Numerous studies have highlighted the ability 

of BBGs to promote wound healing as well as cell differentiation and proliferation [27]-

[29]. Furthermore, potential uses of BBGs include the treatment of chronic osteomyelitis 

by acting as important carriers of antibiotics and other therapeutic substances [32]. 
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 According to studies, borate glasses are effectively used as scaffolds, in terms of their 

promising composition and morphology [33]. BBGs degrade and convert into scaffolds 

through the disintegration of B2O3, Na2O, and K2O. The dissolution of these components 

results in the formation of (BO3)3, Na+, and K+, and as the Ca+2 from the glass interacts 

with the PO3-4 from the solution, HAP is formed [8] [34].  

The chemical durability of the glass can be enhanced by adding some metal to it such 

as gallium to stabilize the glass’s network [35]. The main component of BBGs is B2O3, 

and the composition of the glass consists of different alkali metals (lithium, sodium, and 

potassium), alkaline-earth metals (calcium, magnesium, and strontium), and transitional 

metals such as copper and zinc. When doped with certain metal ions, the BBGs exhibited 

higher angiogenesis and antibacterial properties. Borate glasses do not form a borate-rich 

layer upon contact with body fluids; instead, a HAP layer is formed directly [36]. This 

helps maintain the dissolution kinetics of the glass [12].  

2.2. MANUFACTURING AND CHARACTERISTICS  

BBGs can be produced via two routes: the traditional melt-quenching method or the 

modern sol-gel method [37]. The melt-quenching method requires temperatures higher 

than 1000°C. BGs obtained through this route often lack porosity. In contrast, in the sol-

gel method, metal hydroxides, alkoxides, or organic salts are achieved through the 

processes of hydrolyzation and polymerization. The first sol gel-derived BGs were 

introduced in the 1990s and required a temperature between 600°C and 700°C [38]. Sol-

gel methods eliminate the need for elevated temperatures. Besides, the structural 

properties of the glass can be modulated, obtaining controlled glass structures with 
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 different pore types- nano, macro, or meso pores [39]. Due to their potent resorption and 

degradation, glasses produced through the sol-gel method exhibit higher HAP formation 

compared to those produced through melt-quenching. Moreover, surfactants can be 

introduced into the sol-gel processes [40]. Given their supramolecular chemical 

characteristics, surfactants result in the formation of mesoporous bioactive glasses 

(MBGs) with increased porosity and bioactivity. The mesoporous structure of BGs has a 

greater potential for incorporating antimicrobial agents such as antibiotics, thereby acting 

as an effective therapy for bacterial infections [41]. Additionally, sol-gel methods are the 

main processes by which three-dimensional scaffolds are produced; scaffolds are needed 

for tissue engineering and biomedical applications [42].  

    The melt-and-quench method is most commonly used to synthesize BBGs. This 

method was first used by Hench in 1969 at a temperature between 1300°C and 1450°C. 

After melting, the glass is allowed to anneal to minimize the internal stress caused by a 

high thermal expansion of the glass. Due to the low melting point of B2O3, the melting 

temperature used to manufacture the BBGs is lower compared to that used in developing 

other types of BGs [43]. Moreover, B2O3 influences the stability and formability of the 

glass, allowing the glass to be processed into different forms such as coating and fibers. 

The fiber form of BBGS is effective in most biomedical applications particularly in soft 

tissue engineering as it mimics the tissue’s fibrous morphology as well as allows the 

diffusion of nutrients and wastes throughout the scaffolds [4] [44]. Besides, glass fibers 

structurally support the scaffold and proliferation/attachment of cells. BBG fibers have 

been documented to effectively treat chronic wounds and repair soft tissue [45]. Boron-

containing BGs can also be used as a potential coating on implants, which cannot bond to 
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 host tissues. Coating implant aids in ameliorating the stability and bonding between the 

host tissue and the implant and prevents corrosion of the metallic implants [33].   

    The surface area of the glass relies on the particle size of the glass. Several studies 

have pointed out the correlation between the particle size of the glass and its anti-biofilm 

activity, emphasizing that the smaller the particle size, the higher the antibacterial 

activity. The anti-biofilm activity of smaller particle sizes was observed against a wide 

variety of clinically relevant pathogens including P. aeruginosa, S. aureus, and S. 

epidermidis [46] [47]. A smaller particle size strongly influences the pH and the 

dissolution rate of the glass; smaller particles tend to degrade at a faster rate compared to 

larger ones and slightly increase the pH. The composition of BBGs can be tailored by a 

lower transition temperature (Tg) compared to silicate-based BGs [48] [49]. This 

property is achieved by adding specific oxides and allows the borate glass to release ions 

at a more biologically controlled rate. One study [50] used FTIR to corroborate the 

corrosion activity and conversion of BBGs into HAP in an aqueous environment.  

The degradation of silicate-based and borate bioactive glasses occurs through a series 

of steps. The lower chemical durability of borate-based bioactive glasses allows them to 

degrade faster than silicate glasses. The degradation and conversion into a HAP of borate 

glasses start at the surface, whereas silicate glasses involve the formation of a silicate gel 

layer on the surface, which takes a longer time to convert into a HAP.  
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Figure 1. Bioactive glass degradation  

2.3. CLINICAL TRIALS  

The faster reactivity of BBGs promotes faster healing, which is favorable for clinical 

applications. Some studies have documented the toxicity of high boron levels (>0.65mM) 

in static conditions, owing to their lower degradation rate. A study performed by Ospina 

et al. [51] evaluated the dissolution of BBGs in both static and dynamic conditions, and it 

was observed that the glass disintegrated faster under dynamic conditions. Borate-based 

BG materials such as MIRRAGEN have been approved by the US FDA after their 

disintegration rate and release of ions were observed. These materials were shown to 

promote angiogenesis, accelerate the healing process, and reduce bacterial growth in 

randomized clinical trials. More research is being carried out to better assess the clinical 
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 outcome of BBGs, with a focus on reconstructive/regenerative medicine and infection 

treatments.  

     In 2017, the US FDA approved the use of cotton candy-like 13-93B3 glass 

microfibers, commercially known as MIRRAGEN, in skin wound healing [52]-[55]. 

MIRRAGEN microfibers in clinical trials were shown to treat diabetic foot ulcers as well 

as bedsores in as little as 10 weeks [56]-[58] The nanofiber forms of borate glasses are 

preferred as they are easy to handle and take the shape/form of wounds [57]. Even though 

this product has yielded promising results in healing wounds, further studies are needed 

to investigate the cytotoxicity and mechanism of borate-based BGs in treating wounds.  

     In a research study by Rahaman et al. [59], BBGs in micro and nanofibers were 

shown to mimic the fibrin clot’s microstructure and prompted accelerated wound closure 

in vivo in both animal models and diabetic patients who did not respond initially to 

conventional therapy. The therapeutic potential of the BBG fibers was ascribed to their 

ability to generate angiogenesis, epidermal cell migration, and skin generation [60]. The 

BBG’s “cotton candy” structure was approved by the FDA, and it has been there since 

2016 and used commercially for veterinarian medicine under the name ReadiHeal.   

     BBG nanofibers, trade-named DermaFuse, were developed by a company that 

specializes in precision glass technology called Mo-Sci. The composition of the glass is 

as follows: 51.5, 53 % B2O3, 4 % P2O5, 20 % CaO, 6 % Na2O, 12 % K2O, 5 %, 0–1 % 

ZnO MgO, and 0–0.4 % CuO (in wt%).  This product aims to treat recalcitrant wounds 

such as diabetic ulcers and bedsores. In clinical trials involving more than 60 patients, 

this product displayed successful healing capabilities. It is hypothesized that the calcium 

content of the glass is essential in the healing process as it helps in the migration of 
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 epidermal cells. It is also assumed that the nanofiber creates an antibacterial environment 

as well as easily forms the clot-like structure for wound healing [59]-[62]. Moreover, 

silver-doped borate glasses with the composition 40–80 % B2O3, 0–70 % P2O5, 0–

30 %Al2O3, 0–12 %Li2O, Na2O, K2O, and 1–30 %Ag2O (wt%), also developed by Mo-

Sci, is very promising in biomedical applications due to their high antibacterial properties 

[62]. The antibacterial effectiveness of this glass is ascribed to the silver ions 

incorporated in the glass which get disintegrated in body fluids at a controlled rate. The 

rate by which the glass dissolves is generally maintained by the composition and particle 

size of the glass. A timeline summary of BG applications [63] [64] and several 

commercially available BBGs [65]-[70] is shown in Figure 2.  

 

 

 

 

 

 

 

 

Figure 2. Bioactive Glasses timeline 

 

3. NOSOCOMIAL INFECTIONS 

Nosocomial infections, also known as hospital-acquired infections, are caused by 

pathogenic microorganisms and are associated with high morbidity and mortality rates. 
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 Bacteria account for about 90% of nosocomial infections, and the most common 

clinically relevant bacteria include P. aeruginosa, S. aureus, and E. coli [71]. Excessive 

and misuse of antibiotics and remarkably increasing antibiotic resistance and accelerating 

nosocomial infections [72]. Attention has been given to biomaterials in the past few 

years, and among biomaterials, BBGs have shown promising antimicrobial properties. 

BGs display antimicrobial activity against a wide variety of bacteria both gram-positive 

and gram-negative in planktonic and sessile forms. The antimicrobial activity of BGs is 

ascribed to an increase in the pH and osmotic pressure as ions diffuse out of the glass in 

the surrounding medium upon contact with fluids [73]. In particular, the high 

antibacterial properties of metal-ion-doped BBGs against bacteria -without documented 

resistance- make them effective in dealing with nosocomial infections and improving 

public health [15].  

     The main etiological agent of nosocomial infections is biofilm adherence to 

medical devices. Of greater concern to the medical community is the attachment of 

biofilms to medical instruments and devices [74]-[76].  Medical devices can be classified 

into non-invasive and invasive medical devices. Non-invasive devices, such as bandages, 

hospital beds, and waste-collection body devices, are those that come in contact with the 

skin and are used only as mechanical barriers. Whereas, invasive devices include those 

that are administered in and penetrate the body such as catheters, tracheal tubes, needles, 

and examination gloves [77]. Both non-invasive and invasive medical devices are most 

commonly associated with biofilm formation [78], with the latter being more common, 

posing a major problem in the public health sector. Infections associated with medical 

surgeries, such as an orthopedic implant, can take from 3 to 24 months to occur, 
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 depending on how virulent the bacteria are [79] [80]. These infections lead to increased 

hospitalization rates accompanied by increased morbidity and mortality. Properly 

managing this phenomenon has prompted the escalation of researching novel strategies to 

prevent and minimize nosocomial infections. 

3.1. BIOFILM FORMATION 

Biofilm is a complex aggregation of microbial cells encapsulated in an extracellular 

polymeric substance (EPS), which is the main component by which microbial cells 

exchange genetic information and quorum sensing. Biofilms are highly resistant to the 

host’s immune system and antimicrobial agents. About 80% of nosocomial infections are 

caused by biofilm-containing microbial cells. After 3 to 5 days of primary colonization of 

microbial cells, microbial co-aggregation occurs using adhesins and causes an 

irreversible biofilm adherence to surfaces. Following adherence, microbial cells form a 

well-organized biofilm structure and continue to mature within 2 to 3 weeks [81]-[84]. 

Compared to planktonic forms of bacteria, biofilms are more than one thousand times 

more resistant to therapeutic agents [81] [84]. 

     About 99% of microorganisms exist in a sessile form, or biofilms [85]. A critical 

step in biofilm formation and microbial pathogenicity is the adherence to a substrate, 

which can be a natural substrate such as skin, or an artificial substrate such as medical 

devices and implants. Biofilm formation occurs through three main steps [86]: (1) 

transport; (2) initial reversible bonding; (3) irreversible binding; and (4) colonization. 

Once bacteria irreversibly bind to a substrate, they form colonies- of the same or different 

bacterial species- and a multilayered growth, which results in an irreversible, complex 
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 biofilm. In some cases, the formation of a multilayered biofilm creates an anoxic 

condition to the deep layers of the biofilm and causes the biofilm to detach from the 

substrate; however, once biofilms detach, they can immediately attach to different 

substrates and form new colonies (Figure 3). 

     One of the main reasons for surgical procedures is nosocomial infections associated 

with biofilm formation [87] [88]. Strengthened by a biofilm, bacterial infections are not 

easily eradicated by antibiotics. High doses and long-term treatment by antibiotics are 

generally used, leading to the prevalence of antibiotic resistance. One method considered 

ideal for impeding implant-associated bacterial infections is local prophylaxis [89]. 

However, this method achieves a local sustained release of antibiotics for a prolonged 

time, aimed at minimizing the emergence of antibiotic-resistant bacterial strains. Bacteria 

do not adhere readily to BGs [90]. BBGs display superior antibacterial properties and 

therefore, they would be ideal as coatings for medical instruments. 

3.2. MEDICAL INSTRUMENTS  

Bacterial infections associated with medical devices and instruments are one of the 

major causes of surgical procedure failure [91] [92]. Medical devices-internal or 

invasive- are used in almost all medical procedures, both diagnostic and therapeutic. It 

was reported that nosocomial infections associated with medical devices account for 

about 45-60% of hospitalized patients [93]. Biofilm formation on medical instruments 

occurs as bacteria adhere to the surface of the device, proliferate, and form multiple, 

complex layers of bacterial cells that are encapsulated in the EPS matrix, which plays a 

pivotal role in the irreversible attachment of the bacterial cells and protection against 
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 external factors [94]. When an injured skin comes in contact with a biofilm-associated 

medical device, serious bacterial infections occur. The most common methods used to 

address this issue are using non-adherent medical materials or medical devices modified 

with antimicrobial properties. However, to date, there is no 100% effective material 

known to inhibit bacterial adhesion to medical devices.  

 

 

 

 

 

 

 

 

 

Figure 3. Biofilm formation diagram 

 

Biofilms can also attach to medical devices through several other routes, 

including contamination, blood, and adjacent paths [92] [95]. Bacteria are negatively 

charged in general and have hydrophobic surfaces, like the surfaces of most medical 

devices [96]. Even though this similarity creates repulsive forces, van der Waals forces 

can counteract this repulsion once the bacteria encounter the surface of the medical 

device, and initiate bacterial attachment. Upon initial attachment, hydrophobic forces 

combined with electrostatic repulsion lead to an irreversible bacterial adhesion [97]. To 
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 inhibit biofilm formation after medical procedures, high doses of antibiotic treatments are 

needed, which can form severe side effects and increase the prevalence of the clinical 

emergence of antibiotic resistance [98] [99]. A method used to inhibit implants associated 

with infection is local antibacterial prophylaxis, which involves using adequate 

concentrations of antibiotics for an extended time [90]. Another method is modifying the 

implant’s surface by using broad-spectrum antibacterial ions such as silver ions [100] 

[101]. Even though silver can be incorporated directly into implants, BBGs act as potent 

materials for the incorporation of silver to minimize silver cytotoxicity and control the 

release of silver. Silver-doped BBGs in powder form can be used as coatings on medical 

devices to inhibit the growth of biofilms [102] [103], further reducing the risk of 

antibiotic resistance and nosocomial infections. BBGs can therefore be used as an 

alternative to minimize the incidence of infections in medical procedures given their 

enhanced biodegradability and antibacterial properties. 

Nosocomial infections can stem from medical surgeries including orthopedic 

surgeries, hip replacement, cardiovascular implants, and ophthalmic implants [104] 

[105]. For instance, every year, about 1 million joint and hip replacement surgeries are 

being done worldwide [106], with the most serious complications associated with 

prosthetic implants being imputed to the occurrence of biofilm-associated infections 

[107] [108]. Conventional antibiotic therapies fail to cure those recalcitrant types of 

infections. During medical surgeries, a patient’s immune system is compromised, 

increasing the risk of biofilm formation at the surgical site and ultimately causing 

infection. Infections in this case are ascribed to opportunistic pathogens that are 

circulating the wound or to pathogens from adjacent infections. Because these biofilm-
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 associated infections are not easily treatable, most of the time the medical surgery 

becomes unsuccessful, and the patients undergo subsequent medical surgery to treat the 

infection [109] [110]. Using metal-ion-doped BBGs, however, can help mitigate 

nosocomial infections, hence a high percentage of morbidity and mortality.  

 

4. ANTIBACTERIAL MECHANISMS OF BORATE GLASSES 

The antibacterial activity of BBGs is achieved through three main ways: (1) using a 

specific glass formulation that can highly alter the local physiology [111] [112] (2) 

doping the BG during the manufacturing process with biocidal metals (3) applying the 

BG in conjunction with antibiotics [113].  

4.1. CHANGES IN THE LOCAL PHYSIOLOGICAL ENVIRONMENT  

The general mechanism beyond the antibacterial activity of BGs is ascribed to the 

local change in pH and the osmotic pressure that occurs as the glass is converted into 

HAP [19] [114] [115]. The pH of the surrounding medium can increase up to 12 within 

the first few hours and can remain high for more than two days. A main concern is the 

effect of the high pH (associated with calcium sulfate dissolution) on the host’s tissues 

and cells.  

4.2. ENHANCED BORATE BIOACTIVE GLASSES  

Bacteria have high tendencies to develop resistance against antibiotics through several 

processes, expressly selection and mutation. Using biocidal metal ions is one potent 
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 alternative to treat bacterial infections due to the low bacterial resistance to those ions. 

Considering the concentration of dopant ions is imperative as low ion concentration 

might not produce the desired antibacterial effect, while high concentrations can produce 

cytotoxic effects. The antibacterial effect of most ions has been imputed to the production 

of ROS as well as the ion interaction with the bacterial cell membrane [116] [117]. 

Several characteristics of metal-ion doped glasses such as the surface, composition, 

oxidation status, and shape play a key role in ROS generation [118]. Upon contact with 

body fluids, the metal ions get released from the BG and interact with the bacterial cell 

through electrostatic forces. This results in the inability of the bacterial cells to assimilate 

nutrients; thus, they lose their cellular functions. 

     ROS production is mediated by the type of metal dopant as well as the metal 

uptake by the bacterial cell. ROS are composed of singlet oxygen, superoxide, hydroxyl, 

and hydrogen peroxide, which are highly unstable O2 radicals [119]. Due to the contact 

of metal ions with the bacterial cell wall, ROS is generated extracellularly and 

intracellularly through reduction and oxidation reactions. High levels of ROS disrupt the 

bacterial cell wall, causing the cells to leak their cellular contents. Moreover, ROS 

induces oxidative stress that hinders the electron transport chain of cells and inhibits their 

proton motive force, interfering with nucleic acid components of the cells and disrupting 

their functions and cellular metabolism. As ROS accumulate in the bacterial cell, the 

functions of the bacteria are altered, ultimately leading to bacterial death [120].  

     Ameliorating the inherent properties of BBGs is a critical approach used to enhance 

a versatile therapeutic application of BBGS, particularly infection management. When 
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 considering potential BGs for disintegrating therapeutic ions, BBGs are ideal due to their 

high degradability and accelerated ion release rate. 

The antibacterial effectiveness as well as the in vitro and in vivo performance of 

BBGS is enhanced by the incorporation of several biocidal ions. Metal ions - Ag, Ce, Ga, 

Cu, Sr, Zn, I, Te, and Ti - have been investigated by numerous researchers in their ability 

to promote antibacterial activity against a broad spectrum of clinically relevant bacteria 

and enhance several biological functions (Figure 4). Most results and observations from 

SEM, XDR, and FTIR analysis demonstrated the prominent characteristics and 

functionalities of metal-ion doped BBG.  

4.2.1 Zinc.  Zinc plays a role in DNA replication and is considered a multifarious 

therapeutic ion. It is involved in bone formation and displays anti-biofilm activity [121] 

[122]. As zinc disintegrates from a zinc-doped BG, it promotes oxidative stress 

intracellularly and damages the bacterial cell membrane [123]. When introduced into 

BBGs, zinc ions display a trivial amelioration in the antibacterial activity of the glass. 

Most of the studies demonstrated that zinc-doped BBGs had a bacteriostatic effect on a 

few clinically relevant bacterial species, suggesting a minor antibacterial effect of zinc-

doped BBGs. The proposed mechanism of action of zinc ions is ascribed to their ability 

to interfere with and inhibit the acid production, translocation of membrane proton, and 

glycolytic processes of the bacteria. [124]-[126]. The disintegration of zinc ions is highly 

linked to the pH of the surrounding medium. As the bacteria grow, they create an acidic 

environment which aids in the release of the zinc ions from the glass. As the zinc ions 

diffuse, the growth of the bacteria is reduced. 
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Figure 4. Antibacterial and biological properties of metal-ion dopants. Based on research 
studies, this figure provides a summary of the most critical antibacterial and biological 

features of metal ions. 

 

     Two in vitro evaluations of zinc-doped BBGs have displayed an antibiofilm 

activity of the glass against the following bacteria after 48 hours: S. aureus, A. 

baumannii, P. aeruginosa, and C. albicans [19] [20]. The authors observed that the 

addition of zinc slightly enhanced the antibacterial activity of the borate glasses. The 

antibacterial activity of the glass was ascribed to an increased pH as well as the boron and 

ion release from the glass.   

4.2.2. Copper. In 2008, the US Environmental Protection Agency (USEPA) 

identified copper as the first metallic antimicrobial agent [127]. Since then, copper has 
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 sparked interest in antibacterial applications. The antibacterial effect of copper-doped 

BBGs is mainly ascribed to the release of copper ions, which cause oxidative damage to 

the membrane phospholipid of the bacteria and disrupt the integrity of the bacterial cell 

membrane [127]. As the copper ions penetrate the bacteria, they form oxidative damage 

and lead to DNA degradation.  

     Copper displays a low cytotoxicity effect on human cells and high antibacterial 

activity against a wide range of gram-positive and negative bacteria [128]. It also plays a 

role in bone formation, promoting angiogenesis and osteogenesis. Moreover, studies have 

demonstrated the antibacterial efficacy of copper against the growth and development of 

bacterial biofilms, displaying their effectiveness over conventional antibiotic systemic 

therapies [129] [130]. It was observed that incorporating copper into BBGs enhanced the 

antibacterial efficiency of the glass, compared to several other types of metals. 

Furthermore, due to the inherent antibacterial activity of borate, the concentration of 

copper doping used in the glass is lower compared to that used in other types of glasses. 

A minimal concentration of the metal dopant is needed as it has been shown that using 

high amounts of antibacterial modifiers can alter the reaction and dissolution rate of the 

glass [73].  

4.2.3. Silver. Silver displays potent antibacterial activity and its ability to prevent 

bacterial colonization in biomaterial infections has been exploited in many studies. The 

addition of silver to BGs was shown to broaden the bactericidal activity of glasses. 

According to most literature, the propensity of bacteria to develop resistance against 

silver is very minimal due to the bactericidal effect of silver produced in small 

concentrations [131]-[133]. The toxicity of silver is further reduced when it is 
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 incorporated into a BG. Therefore, it is imperative to consider using a BG with inherent 

antibacterial properties to minimize the concentration of silver dopant and meantime 

achieve a high antibacterial activity. As the silver-doped BG disintegrates, the silver is 

released from the glass matrix at a rate considered clinically acceptable. Luo et al. [134] 

conducted a study on silver-doped BBG and observed that silver ions were released from 

the borate glass over seven days, demonstrating a controlled release of silver over a short 

period. Other studies pointed out the bactericidal effect against gram-positive and gram-

negative bacteria achieved with BBGs doped with minimal concentrations of silver as 

low as 1% [135].  

     Compared to other silver-doped BGs, silver-containing BBGs display a greater 

capacity to inhibit bacterial growth. The antibacterial efficiency of silver-doped BBGs is 

synergetic with the degradation rate of the glass as well as the concentration of the metal 

incorporated. The release of metal ions creates a balance between the BG’s 

biocompatibility and antibacterial effect. Even though high doses of silver can eradicate 

bacterial infections, they are also associated with a cytotoxicity risk and adverse effects 

on cells and tissues [136]. When used in a specific dose, silver is not highly toxic and 

does not produce adverse effects on human cells [137]-[139]. 

     Using silver for surgically treating wounds has long been documented. Silver has 

been directly applied to metal alloys and ceramics; however, BGs are more effective 

materials for the incorporation of silver ions. Studies have shown the promising approach 

of using silver-doped BBGs as coatings for surgical instruments. Recurrent infections 

usually take place within the first two weeks of a surgical procedure [140] [141]. BBGs 

controlled the release kinetics of silver, inhibiting bacterial formation at a gradual rate. A 
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 rapid release of silver was observed during the first 48 hours and continued to release 

gradually at a longer time [134].  

     Silver interacts with the surface proteins of the cell wall bacteria with the S-S and 

the -SH groups, inhibiting the electron transfer process. The proton motive force gets 

inhibited, and the protons leak out of the bacterial cell membrane. Additionally, silver 

promotes ROS production, leading to bacterial death. [142]-[145] The antibacterial effect 

of silver has been observed against many bacterial species as well as antibiotic-resistant 

strains [18] [146] [147] [148]. Silver-doped BBGs are highly considered in clinical 

applications as potent alternatives to antibiotics to eliminate bacterial infections [149] 

[150]. A recent publication by Naseri et al. [151] elucidated the antibacterial activity of 

silver-doped BBGs against P. aeruginosa in biofilms. It was observed that the bacterial 

cell count was reduced by 99.7%. It is assumed that a silver concentration of more the 10 

μg/mL is cytotoxic [152] [153]. Silver is preferred to other metal dopants due to their 

ability to achieve the same antibacterial activity as other metals at lower concentrations 

[154].   

4.2.4. Cerium. The antibacterial properties of cerium can be described as the 

ability of cerium ions to undergo the reversible oxidation conversion from Ce (III) to Ce 

(IV) [155], disrupting the outer membrane of bacteria and dissociating it from the 

cytoplasmic component. The negatively charged bacterial cell membrane interacts with 

cerium ions via electrostatic interactions, persisting on the bacterial surface and changing 

the viscosity of the cell membrane. As a result, the ion pumps get disrupted, and the 

bacterial growth is disturbed as the transport exchanges are inhibited [156]. Furthermore, 

after attaching to the cell membrane, cerium can also attack the proteins on the outer 
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 membrane of the bacteria and alter their electron flow and respiration by reacting with 

thiol groups. Oxidative stress is another important antibacterial property of cerium. The 

ability of cerium to cycle between oxidation states from Ce (III) to Ce (IV) generates 

ROS which leads to bacterial death [155].  

      As observed in several studies, cerium-doped BGs exhibited antibacterial 

effectiveness against gram-positive and gram-negative bacteria including S. aureus and 

E. coli [157]. Few studies have investigated the antibacterial effectiveness of cerium-

doped BBGs. A notable decrease in the OD was observed after 4 hours only, suggesting a 

fast inhibitory effect of cerium glasses on bacterial growth [159]. Cerium-doped BBGs 

were shown to achieve a bacteriostatic effect and promote cell differentiation, and the 

cytotoxicity of the cerium-doped glass has not been documented [158].  

4.2.5. Tellurium.  Classified as chalcogens, tellurium displays different oxidation 

states, making it not of very high interest in biological and biomolecular applications. 

Nevertheless, tellurium has recently gained consideration in its biological applications 

due to its antibacterial characteristics [160] [161] [162]. It was shown that tellurium 

achieved high antibacterial activity against bacteria such as E. coli at low concentrations 

[163]. The antibacterial activity of tellurium is ascribed to different mechanisms as 

described by Turner et al. [164]. Due to changes in the environmental pH in the outer 

membrane of the bacterial cell, tellurium can induce adverse effects on the cell membrane 

of a bacteria. Moreover, tellurium plays a role in the superoxide dismutase activity, which 

counteracts the negative effects formed by ROS generated by cells [165]. A study 

performed by Zhong et al. [166] noted the antibacterial activity of tellurium dioxide 

nanoparticles against some types of gram-positive bacteria.  
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      Few studies have been carried out on tellurium-doped BBGs. However, a recent 

study was performed using tellurium-doped silica-based BG against S. aureus and S. 

epidermidis, and a significant biofilm reduction was observed [167]. This study 

demonstrates the possibility of developing and studying BGs containing tellurium in 

terms of their toxicity and antimicrobial activity. In a comparative study [168], the 

antibacterial activity of tellurium and titanium-doped BBGs was assessed against MRSA, 

and complete inhibition of the bacteria was observed after 24 hours using the good agar 

diffusion method. High concentrations of the glass dopant displayed higher antibacterial 

activity. Compared to the other biocidal elements, tellurium is a non-essential trace 

element, and its toxicity is highly dose-dependent. Further studies are needed to assess 

the antibacterial effectiveness of tellurium-doped BBGs.  

4.2.6. Gallium.  Gallium is primarily known for tissue metabolism and 

distribution in medical imaging as well as for its therapeutic properties in treating 

multiple disorders such as cancer and autoimmune diseases [169]-[171]. After the 

antibacterial properties of gallium were exploited, gallium sparked interest in its potential 

application as an antibacterial agent in treating infectious diseases. Widely used as a 

therapeutic ion, gallium is well-known for its broad-spectrum antimicrobial activity and 

high potential to replace antibiotics. The main antibacterial mechanism of gallium is 

imputed to its ability to disrupt the metabolic pathways of bacteria. Gallium alters the 

iron metabolism of the bacteria, acting as a “Trojan horse” [172]. Iron and Gallium have 

the same ionic radii; therefore, it is difficult for biological systems to distinguish between 

them. 
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      The presence of iron in the intracellular environment of bacteria is essential since 

bacteria need iron for many of their protein processes. Iron is involved in the DNA 

synthesis, response to oxidative stress, and metabolism of bacteria. However, iron is 

poorly soluble in neutral aqueous environments and not readily available for bacteria 

[173]. Due to limited iron availability, bacteria evolved methods such as the production 

of siderophores, xenosiderophores, and hemophores to actively acquire iron [174] [175]. 

Given that iron is scarcely present in mammalian hosts in free forms, inducing mutations 

in specific iron-uptake strategies can reduce the ability of bacteria to cause infections. 

Bacteria utilize iron by obtaining Fe3+ and reducing it into Fe2+. Due to gallium’s 

similarity to iron, when the bacteria encounter gallium, they immediately uptake it, 

replacing it with iron. However, Ga3+ cannot be reduced to Ga2+, inactivating the 

bacterial proteins [176].  

     Therefore, disrupting bacterial iron metabolism has been suggested as a potent 

target for developing novel antibacterial drugs [177]-[179]. Strategies using iron cheaters 

and inhibiting the bacterial iron-uptake pathways have been considered. However, most 

of these strategies were found to be limited. It was observed that iron cheaters can 

promote the growth of the bacteria rather than inhibit it under iron-limiting conditions 

[180]. Therefore, studies have focused on using iron mimetics, expressly gallium, to 

disrupt the bacteria’s iron metabolism and to reduce the possibility of bacteria developing 

resistance. Unlike iron, gallium cannot undergo redox cycles in physiological conditions 

and has detrimental effects on the bacteria, interfering with the bacteria’s ability to 

transport oxygen. Bacteria exposed to gallium have reduced iron-containing enzyme 

activities, indicating a lower probability of bacteria developing resistance against gallium 
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 toxicity [172]. Therefore, developing gallium-based therapies can be pivotal in dealing 

with bacterial infections and other diseases. The antibacterial effectiveness of gallium has 

been demonstrated in vitro and in vivo against bacteria in planktonic and sessile forms 

[171].  

     The antibacterial activity of gallium-doped BGs has been widely considered [181] 

[182]. Studies have emphasized the antibacterial efficacy of BBGs doped with gallium 

ions and their enhanced antibacterial and antibiofilm activity; the reduction of clinically 

relevant bacteria such as P. aeruginosa, S. aureus, and MRSA, and S. epidermidis has 

been observed in many studies. In a study by Yazdi et al. [183], gallium-doped BBGs 

were shown to exhibit bacteriostatic effects against P. aeruginosa. Ions were observed to 

release at a gradual rate over 28 days. Gallium-doped BBGs produced inhibitory effects 

against some gram-negative and positive bacterial strains [181]. Some studies have 

pointed out that gram-positive bacteria were more sensitive to gallium-doped borate 

glasses compared to gram-negative bacteria [184]. This property can be ascribed to the 

lipopolysaccharide layer on the gram-negative bacterial cell wall that makes them less 

susceptible to antimicrobials. 

4.2.7. Strontium.  Strontium has a high atomic weight and is effective in 

controlling the degradation rate of BBGs. Sinouh et al. [185] observed that strontium 

increased the polymerization rate of BBGs and enhanced their degradation capacity. Like 

calcium, strontium plays a pivotal role in stabilizing and promoting bone structure by 

maintaining the upregulation and downregulation of osteoblasts and osteoclasts. 

Strontium, however, is needed in very high doses. Li et al. [186] demonstrated that high 

strontium concentrations incorporated into BBGs decelerated the dissolution rate of the 
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 glass. The antibacterial activity of strontium ions stems from their ability to impede 

bacterial cell division through interference with bacterial metabolism and genetic 

components. However, the antibacterial property of strontium is very poor compared to 

other bivalent cations, and high concentrations of strontium are required to reduce 

bacterial cells.  

4.2.8. Iodine.  Iodine exhibits broad-spectrum antimicrobial properties and has 

been used for disinfection purposes [187]. High concentrations of iodine (>300mg/ml) 

have been used in catheter angiograms with no cytotoxic effects reported, pointing out 

iodine’s cytocompatibility in large amounts [188]. Iodine is not commonly used as a BG 

dopant. One study assessed the antibacterial effectiveness of iodine-doped BBG, and the 

study reported a bacteriostatic effect of the glass against clinically relevant pathogens, 

both gram-positive and gram-negative [19]. Findings from this study indicate that iodine 

can potentially be used to enhance the antibacterial properties of BBGs.  

4.2.9. Titanium.  Titanium is commonly used in implant materials due to its 

noted ability to promote bone growth through osteointegration [189][190]. Few studies 

have focused on assessing the antibacterial properties of titanium. Titanium-doped BBGs, 

however, were noted in their ability to minimize the growth of gram-positive bacteria. 

Rodriguez et al. [191] observed inhibition zones for S. epidermidis after 7 days of contact 

with titanium-doped BBG. No zone of inhibition was observed for E. coli, indicating the 

ineffectiveness of the glass against gram-negative bacteria. Similar results were 

demonstrated by other studies [168]. 
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 4.3. BIOACTIVE GLASS IN CONJUCTION WITH ANTIBIOTICS  

To treat surgical infections with antibiotics, BGs are mainly used either as mesoporous 

antibiotic carriers [192] or antibiotic-loaded biodegradable composites [193] [194]. The 

mesoporous glass structure is sol-gel derived, which is accompanied by several limitations. 

Sol-gel-derived BGs possess a low ability to release antibiotics in a controlled manner. 

This can be attributed to the fact that some BGs produced through the sol-gel route display 

high surface area, yet lower strength compared to glasses produced by the conventional 

melting/casting method. As shown by Domingues et al. [192], a sol-gel BG loaded with 

tetracycline showed a 12% release of tetracycline in contact with SBF during the first 8 

hours, and very few amounts of antibiotics were released over a 3 months duration (about 

20-25% of the initial amount of tetracycline loaded in the glass). In contrast, antibiotic-

loaded biodegradable composites show a very rapid release of antibiotics. More than 85% 

of the amount loaded in the composite is released in the first 10 days upon immersion in 

SBF [32]. The release of antibiotics was shown to stop after about 21 days [l95].  

     Some studies have demonstrated a significant reduction in the bacteria using only 

BBG composites, particles, or powder. Borate glasses have shown promising results in 

eradicating several nosocomial infections and diseases such as osteomyelitis while being 

non-toxic to cells [59]. However, using BBGs loaded with antibiotics most often requires 

glasses with high boron concentration, which can induce toxicity to cells [196]. The 

porosity and surface area of the BBG form used are very critical in determining the 

antibiotic loading capacity of the glass. Because most forms of the glass- particles in 

particular- are dense, scaffolds would be best as antibiotic delivery systems. Given their 
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 faster, controlled degradation rate, BBGs are ideal for their versatility in terms of sustained 

drug delivery. 

 

5. BIOMEDICAL APPLICATIONS 

The biomedical research field shows an increasing interest in bioactive biomaterials, 

particularly BGs. Due to their high biocompatibility, biodegradability, angiogenic and 

osteogenic, and antibacterial properties, BBGs are used in a multitude of biomedical 

applications. BBGs help overcome several limitations associated with other BGs such as 

lower mechanical strength and biodegradability. Moreover, enhanced BBGs combine 

antibacterial and bioactive properties; this synergetic effect minimizes the chance of 

infections in medical applications. BBGs can be used in different forms and 

compositions, indicating their broad spectrum uses. Incorporating cations into BBGs 

ameliorates angiogenesis, mineralization, tissue formation, and bone metabolism. 

Additionally, in vivo and in vitro studies demonstrated the effective performance of 

metal-ion-doped BBGs in cell differentiation and proliferation, highlighting their unique 

ability to promote wound healing. Overall, the mechanical and surface characteristics of 

metal-ion-doped BBGs render them favorable in a multitude of biomedical applications 

(Figure 5).  

5.1. WOUND HEALING  

The epidermis is the outermost layer of skin and is composed of epithelial tissues that 

cover the entire body and act as protection against foreign substances and pathogens. The 
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 epidermis is constantly subjected to damage and plays a key role in complex wound-

healing processes that can result from injuries and burns [203]. 

 

 

 

 

 

 

 

 

 

 

 

      

 

Figure 5. Biomedical applications of borate bioactive glasses 

 

Therefore, various treatments such as wound dressings and matrices were developed for 

epithelial tissues [204]. Besides their application in regenerative medicine, BGs created 

new hopes in healing soft tissues, proliferating epithelial cells, and reducing 

inflammation. It has been documented that the therapeutic ions released from BGs have a 

potent regenerative capacity while reducing microbial contamination and ameliorating 

the process of wound healing [205]. As described by Naseri et al. [153], BGs promote 
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Table 1. Summary of reviewed literature on the antibacterial mechanisms and 
effectiveness of metal-ion doped borate-based bioactive glasses 
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 Table 1. Summary of reviewed literature on the antibacterial mechanisms and 
effectiveness of metal-ion doped borate-based bioactive glasses (cont.) 

 

 

wound healing as follows: (1) enhancing cell proliferation (2) decreasing inflammation 

(3) improving angiogenesis (4) exerting antibacterial effects.  

The fast degradation of BBGs and their properties make them potent for wound 

healing applications, and the boric acid that disintegrates from BBGs is effectively 
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 considered in wound healing. In addition, the calcium component of the glass is essential 

for the migration of epidermal cells and bone growth. Borate glasses, particularly the 13-

93B3 fabricated in fibers with very small diameter sizes, sparked interest in soft and hard 

tissue regeneration and in managing chronic wounds [206] [207]. Moreover, the rapid 

degradation rate of borate glasses allows them to be rapidly converted into a HAP layer, 

thus reducing toxicity associated with the (BO3)3- ions [208].  

     Wound healing occurs as a result of blood vessel formation at the wound area. Due 

to thick, complex tissues, it is difficult for some growth factors to get stimulated and 

prompt the formation of blood vessels. BBGs, however, take a major part in promoting 

angiogenesis due to the boron content of the glass which promotes collagen and protein 

secretion as well as the formation of extracellular matrix [209] [210]. BBG microfibrous 

scaffolds exhibit high degradation rates and slow crystallization into HAP. As 

documented by several studies, boron helps stimulate the MAPK signal pathway as well 

as enhance the proliferation and migration of HUVEC and keratinocytes [27] [115]. 

Besides, boron helps upregulate the vascular endothelial growth factor (VEGF), which 

plays a critical role in blood vessel formation. [211]. All these mechanisms are associated 

with triggered wound-healing processes at different stages. Moreover, the dissolution of 

borate glasses produces high calcium ions in body fluids as compared to other types of 

BGs [208]. Calcium ions are very critical for the wound healing cascade, particularly for 

the migration and regeneration of epidermal cells. Studies performed by Line et al. [60] 

and Zhou et al. [212] corroborated the ability of BBG microfibers to promote 

microvascular density and their effectiveness in treating Sprague-Dawley rats with full-

thick dermal wounds. Moreover, a very remarkable feature of BBGs lies in their ability to 
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 form hollow cavities that living tissue can use for directional growth. This feature is 

expressly beneficial for highly vascularized tissues such as bones as hollow cavities can 

help stimulate the healing process in connective tissues. BBGs were shown to form 

hollow cavities in vivo where blood vessels with red blood cells were observed to grow 

inside the soft tissue. 

     Incorporating biocidal ions in the glass structure has been demonstrated to enhance 

the angiogenesis and the antibacterial activity of BBGs, further optimizing the process of 

wound healing. In vitro and in vivo, enhanced borate glasses increase the pH and enhance 

cell/tissue proliferation. It was found that copper ions increased endothelial cell 

proliferation in vitro studies [29]. In a study performed by Zhao et al. [28], it was shown 

that the release of copper ions from copper-doped BBG in a microfiber form highly 

stimulated angiogenesis compared to the undoped borate glass. The copper ions 

stimulated VEGF by mimicking hypoxia conditions [213]. The researchers used 

microfiber 19-93B3 doped with 3% copper in rodents with full-thickness skin wounds, 

and they observed that blood vessels formed, and the skin healed after 14 days as shown 

by computed tomography. Results from this study were confirmed by Chen et al. [214]. 

Furthermore, doping borate glasses with different dopants such as silver, gallium, and 

copper enhanced the antimicrobial properties of the scaffold for soft tissue repair [33] 

[135]. In a study by Naseri et al. [153], the antibacterial effect of silver doped BBG was 

assessed on P. aeruginosa; a reduction of bacteria was observed on day 4, and it was 

further shown that fibroblasts and keratinocyte cell viability increased, promoting wound 

healing. 
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    If inappropriately treated, wounds will get exposed to and colonized by bacteria and 

form chronic wounds. It has been demonstrated that metal-ion-doped BBGs can inhibit 

the colonization of numerous types of gram-positive and gram-negative bacteria through 

different well-defined mechanisms. The mechanisms most commonly described in the 

literature are a local increase in pH and the generation of ROS that damages bacterial 

DNA and RNA. Besides inhibiting bacterial infections, the potent biological properties of 

metal-ion-doped BBGs aid in an accelerated wound-healing process.  

 

5.2. BONE GRAFTS  

Treating bone defects is constantly a great challenge for surgeons and orthopedists due 

to the limitations accompanied by both autologous and allogenic bone grafts, which can 

trigger immunological reactions and infection transmission. Bone tissue engineering has 

broadened the possibilities of regenerating bone defects mainly through the development 

of scaffolds, which allow seeded cells to attach to the defective surface and form new 

bones through a series of biological and biochemical reactions [215] [216].  

     Due to their flexibility and potent ability to promote an effective bonding between 

the surface of the material and the bone tissue, BG scaffolds were given considerable 

attention. BBGs have been considered for regeneration applications after Jung et al. [59] 

demonstrated their high capacity in wound healing. The disintegration of boron at 

controlled rates can help stimulate osteogenesis and bone formation through efficient cell, 

nutrients, and growth factors transportation. Besides, the calcium content of the borate 

glass is imperative in activating osteogenic gene expression [217]-[219]. The bioactivity 

of borate glasses in bone regeneration is ascribed to the fast conversion of borate glasses 
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 into HAP, indicating faster healing [220] [221]. Xie et al. [32] showed through 

radiographic images that new bone was highly replaced by BBG scaffolds. The complete 

degradation of the glass enhanced the differentiation and proliferation of mesenchymal 

stem cells, further supporting bone growth. Besides, it was observed that BBG scaffolds 

were completely converted into HAP 12 weeks after being implanted in rats with 

calvarial defects [222]. Additionally, it was demonstrated that 13-93B3 promoted the 

secretion of CX43 and IG-1, indicating the potential use of BBGs in muscle regeneration 

and healing [223].  

     Vascularization is an essential component for the survival of bone cells and the 

regeneration of bones. Administering growth factors, which is a very expensive 

procedure, is therefore critical to promote vascularization in bone grafts [224].  Silicate-

based BGs are known for their ability to form a HAP layer that aids in bone formation; 

however, their ability to promote angiogenesis or new blood vessels, is lower compared 

to that of BBGS. The angiogenesis properties of borate glasses can be regulated by 

doping the glass with metals such as copper. BBGs are also preferred in bone grafts due 

to their slow release of ions over a long period. The cytotoxicity of borate glasses was not 

observed by studies performed on bone regeneration [225]-[227]. 

5.3. SCAFFOLDS  

Designing biomaterial scaffolds by harvesting living tissues is the key approach to 

tissue engineering and biomedical application. Scaffolds are vastly needed for tissue 

engineering applications; therefore, the structure of scaffolds should maintain mechanical 

strength and potent integrity to support tissue formation. The degradation capacity is a 
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 key component of scaffolds, with higher degradation rates being optimal. Liu et al. [228] 

demonstrated that BBG scaffolds degraded altogether after being in contact with SBF for 

1 week and formed a HAP layer. Furthermore, other studies have indicated the release of 

35% of boron ions 13-93B3 scaffolds in only 1 day following contact with SBF and 80-

90% boron release after 1 week [8]. It was documented that increasing the boron 

concentration increased the degradation rate of the borate glass, nevertheless, it decreased 

osteogenic cell proliferation. It was observed that after being in contact with SBF for 3 

days, elevated levels of calcium were released from the glass microfibers, and after 2 

weeks, the borate glass microfibers completely degraded and slowly formed HAP [222] 

However, it was further indicated by other studies that the partial conversion of scaffolds 

into HAP was more effective for cell proliferation [5]. This alludes to the point that the 

slow crystallization rate of borate glasses can help ameliorate the scaffold’s 

biocompatibility.  

     Moreover, the particle size of BBGs was shown to influence the pH and the 

dissolution rate of the scaffolds. A study performed by Deliormanli et al. [229] studied 

BBG scaffolds for 3D printing and observed that the borate glass scaffolds with smaller 

particle sizes (130 μm) degraded faster and completely compared to those with larger 

particle sizes (300 μm). Besides, as Zhang et al. [230] demonstrated, smaller particle 

sizes increased the pH during the degradation of BBG scaffolds. These studies indicate 

that the partial conversion of borate glasses into HAP can minimize cell toxicity, and a 

moderate boron ion dissolution can help enhance cell proliferation.  
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 5.4. OSTEOMYELITIS  

Osteomyelitis is a complicated bone infection that is very difficult to treat and 

involves a surgical debridement of the infected area followed by a long antibiotic therapy 

[231]. However, antibiotic therapy is not very efficient, and high doses are required over 

an extended period. Even though silicate glasses were approved for treating bone 

infections in 2006, BBGs are more advantageous due to their faster conversion into HAP 

[232]. Besides, BBGs can be effectively loaded with antibiotics that are highly released at 

the infected site, as shown by Liu et al. [228].  

     Local delivery of antibiotics is the common method of treating osteomyelitis as it 

allows high doses of antibiotics to diffuse into avascular sites that cannot be accessed by 

systemic antibiotics. Polymethylmethacrylate (PMMA) antibiotic-loaded beads are used 

to locally treat infected bones. However, about 90% of the loaded antibiotics remain 

trapped inside the beads and are not delivered, and the beads have to be removed by 

another surgical procedure as they are non-biodegradable [233]. Moreover, PMMA beads 

have poor osteoconductivity and transient cytotoxicity and act as good substrates for 

biofilm formation, exacerbating the infection [234].  Other materials such as 

biodegradable polymers including collagen are considered antibiotic carriers. Even 

though those carriers are biodegradable, they do not promote osteoconductive ingrowth 

of bone and do not maintain a regulated release of antibiotics [233]. Injectable 

biomaterials such as calcium sulfate (CS) loaded with antibiotics are also commonly used 

methods in dealing with osteomyelitis. CS fills irregular-shaped bone defects, allowing 

no room for bacterial survival; however, CS displays slow-releasing antibiotic rates and 
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 poor mechanical strength [235]-[237]. To overcome these limitations, BBGs are 

considered.  

     Metal-ion-doped borate-based BGs have a regulated degradation rate, bioactivity, 

and biocompatibility, and promote the growth and differentiation of mesenchymal stem 

cells [36] [196] [219] [238]. Previous studies have demonstrated the effectiveness of 

vancomycin-loaded BBGs against MRSA in rabbit models with bone infection [32] 

[239]. Another study has shown the ability of gentamicin-loaded BBG pellets to treat S. 

aureus causing osteomyelitis in rabbit models [240]. In a similar study by Xie et al. [32], 

BBGs loaded with vancomycin reduced chronic osteomyelitis in rabbits, indicating the 

efficiency of borate glasses as antibiotic carriers in treating bone infections as compared 

to the convention non-biodegradable biomaterials. The researchers observed that the 

borate glass powder displays hydrophilicity which allows for an enhanced loading 

procedure of the antibiotic. They further examined the release of the antibiotic in vitro 

using high-performance liquid chromatography (HPLS) and observed an 85-94% 

antibiotic release at day 22. Furthermore, they induced osteomyelitis in rabbits by 

injecting their medullar cavity with MRSA, and after 3 weeks, they treated one group 

with debridement, a second group with plain borate glass pellets, and a third group with 

vancomycin-loaded BBG pellets. They observed that the loaded glass ameliorated the 

effects of osteomyelitis, reducing MRSA.  

5.5. NERVE REGENERATION  

Peripheral nerve damage is a very challenging problem, and it is estimated that about 

200,000 surgeries are performed annually to repair nerves. Only a few percent of those 
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 surgeries are altogether successful [241] [2]. Nerve regeneration surgeries rely on 

material that connects damaged nerves to severed ones. BGs were shown to provide 

neuroprotective cues and deliver growth factors [11] [242]. BGs, when fabricated in glass 

fibers, can be effectively applied in soft tissue engineering such as nerve repair [243]. 

Even though studies performed on the role of BBGs on nerve regeneration are very few, 

the effectiveness of BBGs in neural tissue engineering applications was demonstrated by 

those studies. The physical and chemical formulations of BBGs can be altered to produce 

several forms of glass including powder, beads, composites, rods, and fibers [244] [245]. 

Moreover, the functionalities of the borate glasses can be ameliorated without inducing 

toxicity by doping the glass with a certain concentration of metal ions (Table 2). As 

shown by Gupta et al. [246], 13-93B3 incorporated into fibrin microfibers increased the 

cell viability in embryonic dorsal root ganglia (DRG). PCL fibers enhanced with 50% 13-

93B3 stimulated DRG growth and doping the borate glass with metal ions significantly 

resulted in neurite outgrowth. Besides, Marquardt et al. [247] demonstrated the 

cytocompatibility of borate glass microfibers (53B2O3, 6Na2O, 20CaO, 12K2O, 5MgO, 

and 4P2O wt.%) with neural cells.  

5.6. DRUNG DELIVERY  

Enzymes and chemical reactions in the body can inactivate biomolecules during 

systemic drug delivery, and as a result, high doses of the drug would be needed. Another 

drawback to systemic drug delivery is that the drug does not efficiently reach the targeted 

site. Therefore, local drug delivery systems are prominently needed. In the context of 

tissue engineering, specialized scaffolds that act as carriers for local drug delivery are 
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 greatly considered. The drug mode of action can be optimized through local delivery as 

the amount of drug can be increased while reducing the excretion of the drug and other 

protein and growth factors by renal filtration, a phenomenon known as sustained release 

systems [248] [249]. To be effective, drug carriers/biomaterials should be biodegradable, 

biocompatible, bioresorbable, and osteoconductive with flexible mechanical properties 

[250] [251]. BGs fulfill the aforementioned requirements and act as suitable candidates 

for drug delivery. When used as drug-loaded scaffolds, BBGs combine the glass’s 

therapeutic properties and the loaded drug's enhanced effect.  

     Several different therapeutic substances, including antibiotics, can reduce 

pathogens and minimize infection and inflammation. Other substances include growth 

factors, hormones, peptides, and a combination of several bioactive molecules. The 

procedure of loading the drug into the BG can be achieved during the manufacturing 

process. Because the conventional glass melt process involves very high temperatures, 

the sol-gel technology is preferred as it allows incorporating drugs into the glass while 

preserving the drug’s functionality. To further control the release rate of drugs, BGs can 

be combined with chitosan, a biodegradable and biocompatible natural, nontoxic polymer 

used for drug delivery systems. Jia et al. [195] combined teicoplanin-loaded BBGs of the 

composition 54B2O3, 6Na2O, 8K2O, 22CaO, 8MgO, and 2P2O5 in mol% with chitosan 

using the melt-derived method and measured the drug release over time using HPLC. A 

total of 78-83% drug release was observed. Once implanted the drug can take a few 

weeks to penetrate the surrounding tissue. 
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 Table 2. A summary of reviewed literature on metal-ion doped borate-based bioactive 
glasses for biomedical applications. 
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 Table 2. A summary of reviewed literature on metal-ion doped borate-based bioactive 
glasses for biomedical applications. (cont.) 

 

 

 

 

 

 

 

 

 

 

 

6. CONCLUSION 

BGs are widely studied for clinical applications. Among BGs, BBGs are preferred 

owing to their desirable properties and faster degradation rate. Furthermore, BBGs are 

promising biomaterials in medical applications and tissue engineering research due to 

their antibiofilm capabilities, high degradability, and regenerative potential. Bacterial 

biofilms pose a major burden in medicine; they display unique and complicated defense 

mechanisms that make them resistant to antimicrobial agents and a host’s immune 

defenses. The potential use of BBGs in most biomedical applications lies in the glass’s 

accelerated capability to convert into a HAP, promoting bone/tissue boding. Despite their 
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 intrinsic properties, BBGs can be specifically manufactured to have enhanced 

antibacterial and biomedical applications. A comprehensive review of studies indicates 

that metal-ion dopants vastly enhance the antimicrobial and biological functions of BBGs 

in vivo and in vitro. Besides metallic ions, the chemical composition, form, and particle 

size play a crucial role in the dissolution and functionalities of BBGs. The most common 

manufacturing method of metal-ion doped BBGs is melt-quenching; however, the sol-gel 

method could lead to better, controlled performance Even though BBGs were discovered 

more than 20 years ago, they continue to spark research interests and are considered 

promising future biomaterials.  
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 Ⅱ. THE ANTIBACTERIAL PROPERTIES OF FOUR BIOACTIVE CHRONIC 
WOUND REPAIR COMPOSITIONS 

Sarah Fakher and David Westenberg 

 

ABSTRACT 

Chronic wound infections are not only a prevalent medical issue but also a 

multifaceted problem that significantly impacts healthcare systems worldwide. Biofilms 

formed by pathogenic bacteria are fundamental virulence factors implicated in the 

complexity and persistence of bacterial-associated wound infections, leading to 

prolonged recovery times and increased risk of infection. This study aims to investigate 

the antibacterial effectiveness of commonly employed bioactive wound healing 

compositions with a particular emphasis on their action against common bacterial 

pathogens implicated in chronic wound infections to identify optimal wound product 

compositions. The three bacterial species, Staphylococcus epidermidis, Escherichia coli, 

and Pseudomonas aeruginosa, were examined in this study as they are grounded in their 

clinical relevance and the different challenges they present in the treatment of wound 

infections. The antibiofilm effectiveness differed extensively among the biomaterials 

tested and slightly among the bacterial species. Particularly, copper and zinc doped borate 

bioactive glass wound products inhibited three clinically relevant bacteria in both 

planktonic and biofilm forms. Ion release profiles demonstrated a linear correlation 

between the metal ions and the antibiofilm effectiveness of the materials.  
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 1. INTRODUCTION 

     Wound infections remain a significant concern within clinical practice, affecting a 

substantial patient population and posing serious health risks. Chronic wounds, such as 

diabetic ulcers, venous leg ulcers, and pressure ulcers, are particularly susceptible to 

infection due to the compromised nature of the affected tissue (1). About 2.5% of people 

in the US and 6.5 million people worldwide are affected by chronic wounds, and a huge 

amount of money is spent annually on chronic wound treatment-associated medical costs- 

more than $25 billion are spent annually in the US, leading to extensive healthcare 

resource utilization and a considerable economic burden (2, 3). Endogenous and 

exogenous infections caused by pathogenic bacteria cause wounds to stagnate and 

become chronic, leading to severe consequences (4). Several clinical treatments such as 

systematic antibiotics, ointments, and surgical debridement do not effectively alter the 

microenvironment of chronic wounds (5, 6). To manage chronic wounds, numerous 

attempts have been made, particularly developing bioactive materials with specialized 

bio-functional properties such as promoting dermal repair, releasing cytokines and 

growth factors, and promoting angiogenesis (7, 8). Because bacterial infections 

contribute to a significant number of chronic wounds, strategic approaches are needed to 

identify potent versatile antibacterial biomaterials.   

      The pathophysiology of wound infections is complex, with bacterial biofilms 

playing a critical role (9). Bacteria within biofilms can be up to 1,000 times more 

resistant to antibiotics compared to their planktonic forms. Biofilms are structured 

communities of bacteria that are adherent to a surface and embedded within a self-
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 produced extracellular polymeric substance (EPS), which protects the bacteria from 

environmental stressors, including the host's immune response and antibiotic treatments 

(10). It is estimated that biofilms are responsible for over 60% of microbial infections in 

the body, with their presence in wounds significantly impairing healing and increasing 

the risk of chronic infection (11, 12). Conventional wound care practices, including the 

use of systemic antibiotics, do not address biofilm-associated infections, leading to a 

cycle of chronic inflammation, tissue destruction, and delayed wound healing (13, 14). 

Furthermore, the horizontal gene transfer among biofilm communities contributes to the 

rapid spread of antibiotic resistance, complicating treatment protocols (15). 

      Strategies for treating chronic wound infections include debridement for removing 

necrotic tissues and bacteria; however, bacterial regrowth occurs due to insufficient 

bacterial elimination (16). Other strategies include systemic antibiotics and wound 

dressings, which yield poor clinical outcomes (17). A variety of wound care products are 

available commercially, ranging from traditional dressings to advanced bioactive 

materials. These include alginate dressings, hydrocolloids, foam dressings, antimicrobial 

dressings containing silver or iodine, and growth factor-based therapies. While these 

products aim to manage wound exudate, maintain a moist wound environment, and 

prevent infection, their efficacy varies, and few are effective against biofilms (18, 19). 

Most wound repair bioactive materials are primarily synthesized to promote the cellular 

and extracellular wound environment, overlooking microbial inhibition which is essential 

for proper wound healing. For optimal, accelerated wound healing, a balance between 

biological enhancement and antibacterial effectiveness is needed. 
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       S. epidermidis, E. coli, and P. aeruginosa were selected for this study due to their 

distinct physiological characteristics and their notable roles in wound infections (20). S. 

epidermidis is a gram-positive bacterium that is part of the normal skin flora but can 

become opportunistic in the context of implanted medical devices. It is known for its 

ability to form robust biofilms on surfaces, which is a major virulence factor contributing 

to its pathogenicity in wound infections (21). S. epidermidis is implicated in over 70% of 

prosthetic infections due to its biofilm-forming capabilities (22). E. coli, a gram-negative 

bacterium, is commonly found in the intestinal flora but can be pathogenic when 

introduced to extraintestinal sites such as open wounds. It has been associated with a 

range of infections and is notorious for its rapid rate of antibiotic resistance acquisition 

(23). P. aeruginosa, another gram-negative bacterium, is inherently resistant to many 

antibiotics and disinfectants, making it a formidable pathogen in the context of chronic 

wounds (24). It is capable of surviving in a wide range of environments and is 

particularly known for its chronic infections in cystic fibrosis patients and its ability to 

form biofilms, which are highly resistant to phagocytosis and antibiotics. P. aeruginosa is 

found in approximately 20% of chronic wound infections and has been associated with 

increased morbidity and mortality (25). 

      Data on the prevalence of these bacteria in wound infections highlight the urgent 

need for effective treatments. By investigating the efficacy of four different wound-

healing bioactive compositions against these diverse bacteria, the study aims to address a 

broad spectrum of biofilm-related issues in wound care. Most biomaterials are 

specifically synthesized to display potent biological functionalities and biocompatibility 

in terms of molecular and biochemical capabilities. Given the increasing number of 
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 wound-healing bioactive materials that primarily focus on promoting skin repair, it is 

critical to identify optimal biomaterials.  

      This study tested four bioactive wound repair compositions: (1) a collagen matrix 

biomaterial sourced from bovine and is primarily used for treating chronic wounds with 

varying degrees of exudate (2) a multi-layered synthetic polymeric matrix that 

incorporates minimal quantities of metallic and ionic silver designed for wound care 

management (3) a borate bioactive glass wound matrix with a porous fiber and 

microsphere architecture (4) a borate bioactive glass fiber matrix enhanced with copper 

and zinc.  

      Collagen-based matrices play a pivotal role in wound healing due to their ability to 

mimic the body's natural extracellular matrix, thereby promoting tissue regeneration and 

repair. However, these natural collagen scaffolds can be susceptible to rapid degradation 

within the wound environment. This is often attributed to elevated levels of proteases, 

such as matrix metalloproteinases (MMPs), which are frequently overexpressed in 

chronic, non-healing wounds (26). As these collagen matrices break down, they can 

hinder cellular infiltration and differentiation, crucial steps in the healing process. 

Moreover, the incorporation of silver into these synthetic collagen matrices has been 

shown to enhance their therapeutic potential (27). Silver possesses broad-spectrum 

antimicrobial properties and can be integrated into the matrix to help prevent bacterial 

colonization and infection, which are common complications in wound management. 

However, to mitigate the cytotoxicity of silver, it is critical to control its release from the 

collagen matrix (28). The inherent properties of collagen to the rapid release of the metal 
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 ions, resulting in a short-term therapeutic ion concentration needed for sustained 

antibacterial activity.  

      Natural polymer-based wound dressings, with their inherent biological 

compatibility and structural resemblance to the ECM, hold significant promise for three-

dimensional scaffolding in advanced wound dressing applications. These organic 

polymers, synthesized by various organisms, include both proteins and carbohydrates, 

and they are biodegradable and biocompatible due to their hydrophilic nature (29, 30). 

However, one of the primary challenges with natural polymers is the variability in their 

properties, which can fluctuate based on the biological source and various environmental 

factors. Besides, these materials can be prone to microbial contamination (31, 32).   

      To address several limitations in wound healing, borate bioactive glasses (BBGs), 

in particular, have gained considerable attention owing to their therapeutic wound-

healing potential through maintaining cell activity and angiogenesis. Furthermore, 

enhanced BBGs release ions that can disrupt bacterial cell membranes, interfere with 

DNA replication, and promote angiogenesis and fibroblast proliferation, all of which are 

beneficial for wound healing (33, 34). As BBGs contact an aqueous environment, they 

undergo a series of chemical transformations to form a hydroxyapatite (HAP) layer 

within some hours depending on the dissolution medium. HAP formation is the critical 

mechanism for the development of a chemical bond between the biomaterial and tissue, 

or bone-tissue bonding. It has been demonstrated that BBG ion disintegration induces 

gene expression related to cell differentiation and proliferation as well as displays 

antibacterial properties. Moreover, the higher degradation rate of BBGs enhances their 

biocompatibility and biomedical applications, and their chemical flexibility renders them 
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 potential for metal doping to further promote their biological performance and 

antimicrobial properties (33).  

 

2. RESULTS 

2.1. ANTIBACTERIAL EFFECTIVENES 
 
  Microlyte yielded a slight 2.5 log reduction in S. epidermidis, whereas Puracol Plus 

and Mirragen demonstrated lower efficacy with 2 and 1 log reductions, respectively, 

suggesting a lower capacity to disrupt the biofilm integrity or to penetrate the bacterial 

cell wall of S. epidermidis. A bactericidal effect of a 6-log reduction was achieved by the 

GL1605 (Figure 2A). E. coli showed a slightly higher susceptibility to Microlyte and 

Puracol Plus achieving a 4 and 4.5 log reduction, respectively, while Mirragen displayed 

a reduced 3 log reduction. E. coli was not detected after 9 hours of contact with the 

GL1605 (Figure 2B). A 3-log reduction was observed with Microlyte, 3.5 log reduction 

with Puracol Plus, and a 2-log reduction with Mirragen was observed for P. aeruginosa 

(Figure 2C). However, complete inhibition of P. aeruginosa was achieved by GL1605 

after 24 hours (Figure 2C). The enhanced performance of GL1605 across all tested 

bacterial species highlights its potential for broad-spectrum antibacterial applications, 

particularly multi-drug resistant bacteria in wound infections. 

2.2. TIME-COURSE STUDY 

      Similar results were observed in S. epidermidis and E. coli. Microlyte and Mirragen 

achieved a small reduction in bacterial count after 9 hours (Figure 3A). Puracol Plus was 
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 slightly more effective, reducing the bacterial presence to a greater extent. GL1605 

achieved a more potent bactericidal effect within the same timeframe. Both Microlyte 

and Mirragen showed moderate antibacterial activity against E. coli, and Puracol Plus 

exhibited a slightly higher reduction. However, GL1605 displayed a bactericidal effect 

after only 6 hours (Figure 3B). Microlyte and Mirragen exhibited a bacteriostatic effect in 

P. aeruginosa during the first 6 hours and increased after 9 hours (Figure 3C). Puracol 

Plus displayed an enhanced antibacterial effect, with a significant decrease in bacterial 

counts after 9 hours. Notably, GL1605 demonstrated superior antibacterial properties, 

with a marked bacterial reduction within 6 hours (Figure 3C). These findings suggest that 

while all tested materials possess some degree of antibacterial activity, there is a clear 

gradation in their action. GL1605 exhibited a rapid and pronounced bactericidal effect 

against all tested bacterial species, suggesting its potential advantage in wound healing.  

2.3. BIOFILM EFFECTIVENESS  

      The efficacy of different wound care materials against bacterial biofilms was 

evaluated at two time points: 24 and 48 hours of biomaterial contact. S. epidermidis 

biofilms demonstrated a limited reduction of less than a 1-log decrease in contact with 

Puracol Plus and Mirragen for 24 hours (Figure 4A). Microlyte showed a moderate 

reduction capability with approximately a 1-log reduction at 24 hours, which increased 

marginally by an additional 0.5 log by 48 hours. In stark contrast, GL1605 exhibited a 

substantial biofilm reduction of 4 logs at the 24-hour interval, progressing to complete 

biofilm eradication at 48 hours (Figure 4A). Both Microlyte and Mirragen initially did 
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 not demonstrate a significant reduction in E. coli biofilms. However, a slight increase in 

biofilm reduction was observed after 48 hours (Figure 4B). Puracol Plus exhibited a more  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Antibacterial effectiveness of the biomaterials after 24 hours of contact with 

the bacterial species. 

 

pronounced antibiofilm effect with a 2-log reduction after 48 hours. GL1605 showed a 

potent antibiofilm effect, achieving a remarkable 5-log reduction within 24 hours and 

complete biofilm elimination after 48 hours (Figure 4B). In contact with P. aeruginosa, 

Microlyte, Puracol Plus, and Mirragen initially had a negligible impact on biofilm  
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Figure 2. Time course study of the antibacterial effectiveness of the biomaterials. 

 

reduction at 24 hours (Figure 4C). After 48 hours, Puracol Plus demonstrated a slight 

increase in biofilm reduction efficiency. 
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 Whereas the GL1605 significantly reduced the P. aeruginosa biofilms. These results 

demonstrate the variable efficacy of different wound care compositions in disrupting 

biofilms. The potent antibiofilm activity of GL1605 among all tested bacterial species is 

indicative of its advanced therapeutic formulation, which appears to facilitate effective 

penetration and disruption of the biofilms’ ECM. 

 

2.4. ELEMENT RELEASE   

      The rate of ion release is a critical factor in determining the antimicrobial activity 

of the material. In Microlyte and Puracol Plus, the concentration of silver released over 

the four days was not high. Mirragen exhibited a progressive release of boron over four 

days. However, the antibiofilm activity observed was minimal, which indicates that boron 

displays minimal antibacterial properties. In contrast, the GL1605 samples demonstrated 

a more promising result, with both copper and zinc ions showing a higher release on day 

2 which was sustained over the subsequent four days. The GL1605 also inhibited 

biofilms after 2 days of contact, suggesting a direct relationship between the ion release 

rates and antibiofilm activity. The correlation between the biofilm reduction and the 

metal-ion release concentration from the biomaterials is shown in Figure 5. The observed 

data demonstrates a clear linear correlation between biofilm log reduction and the 

corresponding release of antimicrobial elements, indicating that the efficacy of biofilm 

inhibitions is directly proportional to the concentration of active elements present. In the 

case of boron, the data indicates a subdued response, as only a marginal increase in log 

reduction was recorded. 
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Figure 3. Antibiofilm effectiveness of the biomaterials after 24 and 48 hours of contact. 

 

This suggests that while boron possesses some antibiofilm properties, its efficacy may be 

limited, requiring higher concentrations or synergistic combinations with other agents to 

achieve significant biofilm control. Silver resulted in more pronounced antibiofilm 

activity, achieving up to 2 log reductions. Silver's well-documented antimicrobial 

properties are reflected in this level of efficacy, which is likely attributed to its ability to 

disrupt microbial cell walls and potent anti biofilm activities. 
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Figure 4. Element release profile from the biomaterials over four days 

 

Copper exhibited slightly superior antibacterial effectiveness compared to zinc. This 

finding is consistent with the known oligodynamic effect of copper, which has a broad 

spectrum of antimicrobial action, including the disruption of bacterial cell membranes, 

denaturation of proteins, and interference with metabolic processes interfere with DNA 

replication. However, it's important to note that using silver as an antimicrobial is 

 



                                                                                                                                       

 

87 

 balanced by concerns over toxicity and the potential for resistance if used 

indiscriminately. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Correlation Between Element-Induced Biofilm Log Reduction and Element 
Release. This graph displays the varying antibiofilm efficacies of boron, silver, copper, 

and zinc. 
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 Copper and zinc resulted in higher log reductions, pointing to their strong antibacterial 

properties.  

3. DISCUSSION 

      Wound healing is a dynamic process comprising four interrelated phases. During 

the initial phase, immediate post-injury, the body's hemostatic response triggers an 

accumulation of platelets and inflammatory cells that adhere to the ECM collagen. This 

results in the release of clotting factors, such as fibronectin, which facilitate blood 

clotting and vasoconstriction to prevent further bleeding. The second phase, the 

inflammatory stage, follows right after injury, spanning from 24 hours to around 4 to 6 

days. It involves the formation of a fibrin clot and the activation of the complement 

system, leading to the migration of neutrophils due to vasodilation. This phase is crucial 

for clearing the wound bed of debris and preventing infection (35). However, bacterial 

infections are common during this stage and can significantly hinder the healing process 

(Fig.4). These infections can disrupt the normal immune response and delay healing by 

continuing inflammation, damaging tissues, and impairing the function of fibroblasts and 

myofibroblasts vital for tissue repair (36, 37). 

      The proliferation phase, the third stage, begins 2 to 3 days post-injury and lasts 

until the wound is closed. This stage is characterized by epithelialization, the formation 

of new granulation tissue, and the development of a new ECM. Fibroblast proliferation 

and collagen deposition are key activities during this period. Finally, the remodeling 

stage completes the healing process by regenerating and maturing the wound area. The 

ECM transforms, with collagen type III being replaced by type I, enhancing the tensile 
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 strength of the newly formed tissue. Infections can severely impair this remodeling 

process by causing persistent inflammation, leading to scar formation and weakening the 

structural integrity of the healed skin (35, 38).  

      The implications of S. epidermidis, E. coli, and P. aeruginosa in wound infections 

and chronic wounds are significant (39). S. epidermidis biofilms are problematic in 

surgical wounds and can lead to systemic infections if not properly managed. E. coli, can 

cause severe problems when wound contamination occurs, particularly in abdominal 

surgeries. Its biofilms can exacerbate infections, especially in immunocompromised 

patients, leading to persistent inflammation and delayed wound healing. P. aeruginosa is 

one of the most common pathogens found in chronic wound infections, particularly in 

burns and diabetic foot ulcers. Its biofilms protect it from hostile environments and 

treatments, often leading to chronic infections that are difficult to eradicate and 

frequently recur, contributing to prolonged hospital stays and increased medical costs. 

The comparative analysis of the antibacterial efficacy of wound care products against 

S. epidermidis, E. coli, and P. aeruginosa provides crucial insights into their clinical 

relevance. The 24-hour contact study revealed differential effectiveness among the 

products, with varying degrees of bacterial reduction. Notably, the antibacterial potency 

varied not only among the different products but also with the bacterial species, reflecting 

the complex interplay between the antimicrobial agents in the wound care products and 

the diverse defense mechanisms employed by each type of bacteria.  
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Figure 6. Schematic of the four stages of normal and chronically infected wound healing 
process. Wound healing is a complex process that consists of four distinct overlapping 

stages: homeostasis, inflammation, proliferation, and remodeling. Chronic infected 
wounds do not go through the wound-healing stages to heal completely. 

 

The differential effectiveness observed can be attributed to several factors, including the 

unique biofilm-forming capabilities inherent to each bacterial species, which can impede 

the penetration and activity of antimicrobial agents. For instance, S. epidermidis is known 

for its robust biofilm production, while gram-negative E. coli and P. aeruginosa have 
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 different cell wall structures and metabolic pathways that may influence their 

susceptibility to certain antibacterial agents. 

 

 

Figure 7. Prevalence of Common Healthcare-Acquired Infections. This chart illustrates 
the percentage distribution of the most frequently encountered infections in healthcare 
settings, highlighting the proportional impact of each infection type on patient health. 

 

      The GL1605 demonstrated a potent inhibitory effect across all bacterial strains, 

suggesting its broad-spectrum antibacterial capability. The bactericidal activity of this 

product, as opposed to the bacteriostatic effect displayed by the other biomaterials, may 
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 have significant clinical implications, especially in the treatment of severe or recalcitrant 

infections where complete eradication of bacteria is critical. 

      To discern the kinetics of these antibacterial effects, a time-course study was 

performed, measuring the antibacterial activity at 3-hour intervals up to 9 hours. This 

dynamic assessment aimed to identify which materials exerted the most rapid 

antibacterial action. The observed trends suggest that the Microlyte, Puracol Plus, and 

Mirragen exhibited a gradual onset of antibacterial activity, which could align with the 

slower bacterial disruption integrity or delayed interaction with bacterial cell walls. The 

GL1605, however, displayed more rapid and pronounced antibacterial properties, 

achieving a substantial effect within the initial hours of contact, which is particularly 

relevant in a clinical context where the early suppression of bacterial growth can be 

critical in preventing the establishment of infection and promoting a favorable healing 

environment. Such efficacy might be attributed to the copper and zinc dopants in the 

glass which can disrupt bacterial homeostasis more efficiently.  

      In the context of the study, the findings elucidate distinct antibacterial profiles for 

each of the wound care compositions tested. Microlyte began to exhibit antibacterial 

properties incrementally over the observation period. This could suggest its utility in 

clinical scenarios where a gradual release of antimicrobial agents is preferable, perhaps in 

the management of chronic wounds where prolonged exposure to antimicrobials is 

necessary to maintain a clean wound bed and prevent colonization. Some clinical trials 

indicated that Microlyte showed effective antibacterial properties after 3 days, indicating 

its potential for preventing infections from occurring (40). Mirragen, on the other hand, 

also showed a progressive antibacterial action, albeit to a different extent. The 
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 characteristics of Mirragen could make it suitable for applications where wound care 

requires a delicate balance between managing bacterial load and promoting tissue 

regeneration. This is particularly pertinent in wounds where tissue growth is the priority.  

      Puracol Plus demonstrated a somewhat more pronounced antibacterial effect 

within the same timeframe. Its efficacy profile indicates a potential for use in a broader 

range of wound care scenarios, including those where more immediate microbial control 

is needed to prevent infection or in the early stages of wound healing when the risk of 

infection is highest. On the other hand, GL1605’s performance was noted for its rapid 

onset of antibacterial activity. This suggests that GL1605 could be instrumental in acute 

care settings or the initial treatment of highly contaminated wounds. Its rapid action could 

help to quickly reduce bacterial colonization, preventing the establishment of biofilms. 

The porosity of Puracol Plus was assessed by a previous study, and SEM images revealed 

that it has very high porosity, which is essential for cell adhesion and wound healing, 

however, the study indicated that the antibacterial effectiveness of this biomaterial could 

be promoted by enhancing it with antimicrobial peptides (41). Another study noted that 

the slow antibacterial effectiveness of the Puracol can be ascribed to its dense structure 

which has a low bacterial penetration capacity (42). 

      Each material’s temporal pattern of antibacterial activity emphasizes the 

importance of tailored wound care strategies. The choice of a wound care product may 

thus be heavily influenced by the specific needs of the wound environment, the stage of 

wound healing, and the nature of the bacteria present. This study’s insights into the varied 

antibacterial kinetics of these materials underscore the need for personalized wound care 

regimens and may inform future product development and clinical practice. Further 
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 investigation into the specific mechanisms by which these materials exert their 

antibacterial effects would likely yield valuable information for optimizing wound care 

management. 

      The study’s findings on the antibiofilm effectiveness of the wound care materials 

provide important insights for the discussion of chronic wound management. The ability 

of these materials to disrupt and reduce biofilms of S. epidermidis, E. coli, and P. 

aeruginosa was assessed at 24 and 48 hours of contact to reflect their potential use in 

clinical settings. Microlyte, Puracol Plus, and Mirragen compositions showed a limited 

capacity to reduce the biofilm densities, particularly against S. epidermidis and E. coli. 

This could suggest that while they may possess antimicrobial properties, their 

formulation may not be optimized for penetrating the extracellular matrix of biofilms. 

This is a critical consideration, as biofilms present a substantial barrier to wound healing 

due to their complex structure and resistance to penetration by antimicrobial agents. P. 

aeruginosa, known for its robust biofilm-forming ability and intrinsic resistance, these 

materials exhibited a low antibiofilm effectiveness. The initial ineffectiveness of 

Microlyte, Puracol Plus, and Mirragen to significantly disrupt biofilms of P. aeruginosa 

suggests that their mode of action may not be adequately equipped to tackle this resilient 

pathogen. However, an increase in antibiofilm activity over time with Puracol Plus 

indicates some potential for managing biofilms in extended-care settings. GL1605, in 

contrast, exhibited a notable ability to reduce all biofilms. The material’s performance 

against biofilms suggests a formulation that is potentially more potent in its action, which 

can be particularly beneficial in acute or severe infections where rapid biofilm disruption 

is essential. 
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       The superior performance of GL1605 can be attributed to the presence of copper 

and zinc dopants, which are well-documented for their antimicrobial properties. Copper 

ions are known to disrupt bacterial cell walls and interfere with intracellular enzymes, 

leading to increased oxidative stress within bacterial cells. Zinc also plays a multifaceted 

role in antimicrobial activity, including the disruption of membrane integrity and the 

inhibition of bacterial growth and metabolism. A study performed by Jung et al. observed 

the bactericidal effects of the GL1605 in inhibiting biofilms after 48 hours compared to 

Mirragen which was mostly effective in reducing only the planktonic bacteria (43).   

      The efficacy of Puracol Plus, which also showed commendable antibacterial 

activity, can be associated with its silver content. Silver ions have a broad-spectrum 

antimicrobial effect that is well-established in the literature, functioning through multiple 

pathways such as binding to bacterial DNA, RNA, and proteins, thereby inhibiting 

bacterial replication and function. The presence of silver in Puracol Plus likely 

contributes to its ability to reduce both planktonic bacterial populations and biofilm 

structures. 

      In contrast, Mirragen and Microlyte displayed limited degrees of antibacterial 

effectiveness. Microlyte contains silver; however, the exact concentration and the 

bioavailability of the silver ions within the product are unknown. The silver concentration 

in Microlyte might be below the threshold required to exert a significant antimicrobial 

effect, or the release kinetics of the ions are not optimized for immediate antimicrobial 

action. Mirragen, which does not contain any known metal ion dopants with 

antimicrobial properties, showed the least antibacterial activity.  
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        The correlation between the antibiofilm efficacy of bioactive materials and their 

constituent metal dopants was further examined. Boron, silver, copper, and zinc display 

antibacterial properties, with silver, copper, and zinc being extensively documented for 

their capacity to inhibit and disrupt bacterial growth and biofilm formation (43). Silver 

ions have been shown to possess potent antibacterial activity by disrupting bacterial cell 

walls and interacting with thiol groups in proteins, leading to cell death. Similarly, copper 

ions can penetrate bacterial cells and generate reactive oxygen species (ROS), which can 

damage DNA, proteins, and lipids, leading to cell death. Zinc is known to interfere with 

membrane function and protein synthesis, and it can also disrupt biofilm structure by 

destabilizing the matrix (43). In contrast, boron’s antibacterial properties are considerably 

less pronounced. The antimicrobial mechanism of boron is less clearly defined but is 

hypothesized to involve the disruption of enzymatic activity and membrane function. The 

comparison of these materials highlights the importance of the matrix composition in the 

release kinetics of metal ions. The bioactive glass composition of GL1605, characterized 

by its high biodegradability, facilitated a fast and controlled release of copper and zinc 

ions in contrast to the compositions of Microlyte and Puracol Plus, which did not support 

a similarly rapid silver release.  

      Overall, the discussion reflects the complexity of biofilm management in wound 

care and highlights the differential effects of wound care materials over time. The 

findings reiterate the necessity for effective wound treatment compositions that address 

the recalcitrance of bacterial biofilms. This study highlighted the potential of enhanced 

BBGs in rapidly inhibiting biofilms and underscored the contribution of such dopants to 

the antimicrobial efficacy of wound care materials. The optimal antibiofilm activity is not 
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 solely dependent on the presence of antibacterial metals but is also critically influenced 

by the rate at which these ions are made available in the wound environment. Future 

research should focus on optimizing material compositions to enhance ion release rates, 

exploring synergistic combinations of metals, and developing targeted delivery 

mechanisms to exploit the full potential of these bioactive materials in the prevention and 

treatment of biofilm-related infections.  

 
4. MATERIALS AND METHODS 

Biomaterials and sample preparation:  Four biomaterials were used in this study; their 

compositions, main characteristics, and respective names are presented in Table 1. 

Grooves were formed on the biomaterials’ surface to enhance their absorption surface 

area and ensure their absolute contact with the solution. In vitro antibacterial assay:  

Three bacterial species were selected for the present study as they are commonly 

implicated in chronic wound infections. All isolates were purchased from the American 

Type Culture Collection (ATCC): S. epidermidis (ATCC 6538), E. coli (ATCC 27853), 

and P. aeruginosa (ATCC 9637). Antibacterial tests were carried out in three triplicates. 

The bacteria were plated on TSA Petri dishes (60 x 15 mm) and incubated overnight at 37 

°C under aerobic conditions. TSB was used as the culture medium for the bacterial 

growth- one colony was transferred to the medium and incubated overnight at 37 °C 

under aerobic conditions in a shaker incubator until an exponential growth phase was 

achieved. Bacterial cultures were diluted into the media containing the sample. Before 
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 plating, all tubes were vortexed until the sample was precipitated. Bacterial samples were 

inoculated with a concentration of 108 CFU/mL.  

 

Table 1. Commercially available wound healing biomaterials assessed in this study 

 

 

In vitro antibiofilm assay:  The standard optical density measurement assay was used to 

evaluate the bacterial biofilm formation. Bacterial biofilms were assessed using the 

crystal violet staining assay, and the optical density was read at a wavelength of 600 nm. 

Biomaterial Composition Dopants Bioactive properties 
Microlyte® 
(Imbed 

BIOSCIENCES) 

 
Bioresorbable matrix for 

partial and full thickness 
wounds  

 
Ag (<25 

ug/cm2) 

 
§ Facilitates wound 

granulation 
§ Maintains a 

physiologically 
moist environment  

§ Promotes 
vascularization, cell 
migration, and tissue 
formation  

PURACOL 
PLUS® (Medline 

Industries, Inc) 

 
Collagen matrix for partial 

thickness wounds   

 
Ag (1%) 

 
§ Stimulates 

fibroblastic activity  
§ Promotes ECM 

formation  
 

Mirragen® 
Bioactive Glass 

(ETS Wound Care) 
 

Borate-based glass fiber 
matrix (51.6B2O3–20CaO–
12K2O–5MgO–6Na2O–4% 
P2O5, in mol %) for acute and 
chronic wounds 

  

––  
§ Promotes cell 

growth, tissue 
regeneration, and 
wound closure  

§ Accelerates wound 
healing 

§ Reduces 
inflammation  

GL1605 
Bioactive Glass 

(MO Sci) 

Enhanced borate glass fiber 
matrix (51.6B2O3–20CaO–
12K2O–5MgO–6Na2O–4% 
P2O5–1%ZnO–0.4%CuO, in 
mol %). for acute and chronic 
wounds   

Zn (1%) 
Cu 

(0.4%) 

 
§ Promotes 

angiogenesis, cell 
differentiation, and 
tissue formation 

§ Accelerates wound 
healing 
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 Fixed biofilms were stained with 1% crystal violet, and the excess stain was thoroughly 

rinsed off with dH2O. Then, 30% acetic acid solution was added to the wells to distain the 

bound biofilms. A spectrophotometry was used to assess biofilm formation. The bacterial 

suspensions were added to a 24-well culture plate, and the plate was incubated at 37°C 

for 24 h under static conditions to allow for biofilm adhesion and formation. Following 

24 h the plate was rinsed with PBS to remove planktonic bacteria. Wells containing only 

dH2O were used as controls. Adhered biofilms were treated with the materials, and 

stimulated body fluid was used as the media. The plates were incubated for 48 h at 37°C, 

followed by quantification of the biofilms every 24 h.  

Element release profile:  The element release amount was measured by inductively 

coupled plasma mass spectroscopy (ICP-MS). Aliquots were diluted 1:1000 in aqueous 

1% HNO3. The quantification of elements was based on standard element calibration of 

Ag, B, Cu, and Zn. Ion release was read by an acquisition system. Before ICP-MS was 

performed, samples were purified by a 0.45 μm syringe filter.  

Statistical analysis:  All experiments were performed in three replicates, and data are 

presented as the mean ± standard deviation. The antibacterial effective values 

exhibited/did not exhibit normal distribution as inferred by the Shapiro-Wilk test. For the 

data that exhibited a normal distribution, a parametric hypothesis was used for data 

comparison and vice versa. A one-way ANOVA with a Tukey post hoc test was 

performed, and a statistical significance was set at 0.05. (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 

0.001). 
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 Ⅲ. THE ANTIBIOFILM EFFICACY OF METAL-ION DOPED BORATE 
BIOACTIVE GLASS: A COMPREHENSIVE PREDICTIVE MODELING 

APPROACH FOR INFECTION CONTROL IN HEALTHCARE SETTINGS 

Sarah Fakher and David Westenberg 

 

ABSTRACT 

Health Care Acquired Infections (HAIs) pose significant challenges in medical settings, 

primarily due to their resistance to conventional treatment methods. The role of bacterial 

biofilms in exacerbating these infections is well-documented, making them particularly 

difficult to eradicate. Despite numerous research efforts, an effective solution to combat 

these infections remains elusive. This study aims to explore the potential of undoped and 

metal-ion (copper and zinc) doped borate bioactive glasses as a novel approach to inhibit 

bacterial species commonly implicated in HAIs: Staphylococcus epidermidis, 

Escherichia coli, and Pseudomonas aeruginosa. The study analyzed the efficacy of both 

direct and indirect applications of the borate bioactive glass (BBGs) on severe biofilms 

pre-formed under static and dynamic growth conditions, acknowledging the critical role 

of bacterial biofilms in the complexity and persistence of these infections. A 

comprehensive predictive modeling was developed, simulating diverse clinically relevant 

conditions. Results demonstrate a significant reduction in bacterial growth within 2 days 

under direct application and within 3 days for indirect application of copper and zinc-

doped borate bioactive glasses. These findings were consistent across the three bacterial 

species, in both static and dynamic conditions, underscoring the potential of metal-ion 
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 doped borate bioactive glasses as an effective approach in combating HAIs complicated 

by biofilms. 

 

1. INTRODUCTION 

Health Care Acquired Infections (HAIs), characterized by their persistent nature and 

resistance to conventional treatment methods, represent a significant global health 

challenge. Acquired by patients during their stay in healthcare facilities, these infections 

contribute to increased morbidity and mortality rates and have a profound impact on 

healthcare systems worldwide (1). HAIs encompass a wide range of infections, from 

surgical site infections to pneumonia and urinary tract infections, often complicated by 

the presence of resilient bacterial biofilms (2). HAIs are a significant global health 

burden, affecting millions of patients annually. In the US alone, HAIs account for an 

estimated 1.7 million infections and 99,000 associated deaths each year (3). Globally, 

HAIs have a prevalence of about 10% in developed countries and up to 25% in 

developing countries (1, 4). These infections lead to prolonged hospital stays, long-term 

disability, increased resistance of microorganisms to antimicrobials, massive additional 

financial burden, and longer hospitalization (5, 6).  

     Central to the challenge of HAIs is the role of bacterial biofilms, which are 

communities of microorganisms that adhere to surfaces and are embedded in a self-

produced extracellular matrix (ECM). This matrix shields the bacteria from antimicrobial 

agents and the host immune system, contributing to the chronic and recurrent nature of 

these infections (7). Biofilms are particularly challenging in the context of indwelling 
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 medical devices, where they can establish persistent infections that are resistant to 

conventional antibiotics. Over 60% of HAIs, particularly those related to implanted 

medical devices, are ascribed to bacterial biofilms. The presence of biofilms on medical 

devices and hospital surfaces significantly complicates treatment, as bacteria in biofilms 

can be up to 1,000 times more resistant to antibiotics compared to their planktonic form 

(8). These biofilms are also a known cause of persistent infections like osteomyelitis (9). 

Overall, biofilms contribute to over 80% of microbial infections in the human body (10). 

The study of biofilms is therefore crucial for understanding the pathogenesis of HAIs and 

developing effective treatment strategies.  

      Among the bacterial species implicated in HAIs, S. epidermidis, E. coli, and P. 

aeruginosa are notable for their prevalence and impact (11-13). S. epidermidis is 

frequently associated with catheter-related bloodstream infections and prosthetic device 

infections, owing to its ability to form robust biofilms (14). E. coli, a common cause of 

urinary tract and surgical site infections, presents challenges due to its increasing 

resistance to antibiotics (15). P. aeruginosa, known for its intrinsic resistance 

mechanisms, is a common pathogen in ventilator-associated pneumonia and burn wound 

infections (16). These pathogens are notorious for their biofilm-forming capabilities and 

are responsible for a range of infections; for instance, P. aeruginosa alone accounts to 

more than 10% of all HAIs (17). Moreover, the ability of these bacteria to form biofilms 

and evade standard treatments makes them formidable pathogens in healthcare settings. 

      In the context of HAIs, antibiotic resistance presents a formidable challenge to 

conventional medicine (18). Even though the evolution of antibiotic resistance is a 

natural phenomenon, it has been significantly accelerated by the overuse and misuse of 
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 antibiotics. In healthcare environments and clinical settings, the frequent and sometimes 

inappropriate use of antibiotics has led to the emergence of multidrug-resistant 

organisms, transforming once easily treatable infections into serious health threats (19). 

According to the CDC, about 2.8 million antibiotic-resistant infections occur in the US 

each year, causing more than 35,000 deaths (20). Globally, the WHO has identified 

antibiotic resistance as one of the top ten global public health threats, with predictions of 

up to 10 million deaths per year by 2050 if no action is taken (21, 22). The impact of 

antibiotic resistance is particularly acute in the case of HAIs, where patients are often 

exposed to a high load of antibiotics that not only select for resistant strains but also 

allow for the horizontal transfer of resistance genes among different bacterial species 

(23). These resistant strains are often involved in biofilm formation, which further 

complicates treatment as biofilms provide a protective environment that enhances 

bacterial survival against antibiotics. This synergy between antibiotic resistance and 

biofilm formation necessitates the development of innovative approaches, beyond 

traditional antibiotics, to effectively manage HAIs and curb the rise of antibiotic 

resistance. 

     In the quest to address the challenges posed by HAIs and bacterial biofilms, BBGs 

have emerged as a promising biomaterial (24-26). BBGs are recognized for their 

biodegradability, biological activity, and ability to support bone growth (26). Their 

properties outperform other types of BGs, making them suitable for diverse medical 

applications, including bone repair and wound healing. These properties include 

enhanced bioactivity, the ability to support tissue regeneration, and the controlled release 

of therapeutic ions (27, 28). 
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      BBGs can be enhanced by integrating metals like silver, zinc, and notably copper 

(24). Copper, recognized for its role in promoting angiogenesis, does so through the 

stimulation of key growth factors such as fibroblast growth factor-2 (FGF-2) and vascular 

endothelial growth factor (VEGF) (29). It's also instrumental in driving mesenchymal 

cells toward osteogenic differentiation and curtailing the activity of osteoclasts. 

Furthermore, copper's involvement in collagen fiber crosslinking is vital for bone 

ossification (30). Its antibacterial efficacy against various pathogens like is well-

established (31, 32). The proposed mechanism suggests that copper ions, through 

electrostatic attraction, bind to the negatively charged peptidoglycan of the bacterial cell 

wall, especially affecting gram-negative bacteria by irreparably damaging their structural 

proteins. This process is potentially driven by the generation of reactive hydroxyl 

radicals, which can impede cellular development by oxidizing proteins and lipids (33,34). 

Besides, zinc ions stand out as particularly effective against bacterial biofilms, offering 

several therapeutic benefits. Known for its enzymatic role and its importance in DNA 

replication, zinc is essential for bone formation and, when released from BGs, zinc can 

induce oxidative stress within bacterial cells or cause harm to the bacterial membrane, 

contributing to its antimicrobial action (35, 36). 

      The integration of metallic ions into the chemical structure of BBGs represents a 

cutting-edge approach to creating materials with enhanced antibacterial properties. The 

inclusion of copper and zinc is particularly strategic as they are well-recognized for their 

broad-spectrum antimicrobial activity and potential to disrupt biofilm formation (33, 36). 

Moreover, copper and zinc ions are increasingly being utilized due to their established 

antimicrobial efficacy and relatively low cytotoxicity at minimal concentrations. The 
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 antibacterial mechanisms of copper and zinc ions combined are multifaceted: they can 

interfere with bacterial cell membrane integrity, promote the generation of reactive 

oxygen species that damage cellular components, and bind to proteins, impeding bacterial 

metabolic processes (37). Moreover, the incorporation of these ions into BBGs also 

contributes to the materials' bio-functionality, promoting healing processes in biological 

tissues(38). The controlled release of these ions can also provide sustained antibacterial 

activity, which is crucial in medical applications such as wound healing and bone 

regeneration (39,40). This ensures that the antibacterial effect persists for the duration 

required to prevent infection.  

  Despite the promising attributes of BBGs and the recognized antimicrobial roles of 

copper and zinc, there is a notable gap in the comprehensive evaluation of metal-ion 

doped biomaterials under clinically relevant conditions. Most studies to date have 

focused on isolated aspects of BBG functionality or employed in vitro and in vivo models 

that do not fully replicate the complex and dynamic environment of HAIs in patients. 

There is a pressing need for an integrated approach that encompasses both direct and 

indirect applications of BBGs in various growth conditions, including static and dynamic 

biofilm cultures. Such an approach is essential for developing a deeper understanding of 

the potential of BBGs in combating HAIs, particularly those complicated by biofilms, 

and for advancing the field of infection control and bioactive material application in 

clinical settings. This research aims to fill this gap by providing a comprehensive and 

scientifically rigorous examination of the efficacy of copper and zinc-doped BBGs 

against HAIs. By focusing on the interaction of these glasses with bacterial biofilms of 

key species implicated in HAIs and considering the complex interplay of factors that 
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 influence infection dynamics, the study seeks to offer new insights and potential solutions 

to a problem that continues to challenge healthcare systems worldwide.  

 

2. RESULTS 

2.1. STATIC BIOFILM GROWTH  

     In the study of biofilm formation dynamics, bacterial cultures were incubated under 

static conditions at a controlled temperature of 37°C. The extent of biofilm biomass was 

quantitatively analyzed utilizing the crystal violet staining method. This assay relies on 

absorbance measurement through spectrophotometry and facilitates the evaluation of 

biofilm mass by quantifying the optical density (OD) of stained biofilms. Daily 

measurements were recorded over four days, and the results were compared to the optical 

density cut-off value (ODc), which was determined to be 0.02. This enabled the 

classification of biofilms into categories based on their adherence levels and biomass: 

non-adherent, weak, moderate, or severe. Data indicated that all tested bacterial strains 

achieved an adherent biofilm mode within 24 hours (Fig.1). Notably, S. epidermidis 

demonstrated the formation of severe biofilms by the third day. In contrast, E. coli and P. 

aeruginosa reached a similar level of severe biofilm formation by the fourth day (Fig.1). 

Severe biofilms were selected as the test subjects to assess the efficacy of the BGs in 

inhibiting or disrupting biofilm formation. This approach aims to rigorously evaluate of 

the BGs’ antimicrobial properties, particularly their ability to counteract robust biofilm 

structures, which are often resistant to conventional antimicrobial treatments.  
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 2.2. BBG DIRETCT/INDIRECT APPLICATION ON STATIC BIOFILMS  

Upon direct application of GL1605 to S. epidermidis biofilms, there was an observed 

4-log decrease in bacterial count within the initial 24-hour period, progressing to a 5-log 

reduction at the 48-hour mark. No biofilms were detected (Figure 2A) after that. In 

contrast, MIRRAGEN's direct application resulted in a 2-log reduction, with an 

incremental 1-log reduction over the succeeding 72-hour period, stabilizing after that 

until the 96-hour (Figure 2A). Indirect application of GL1605 on S. epidermidis achieved 

a 4.5-log reduction after 72 hours, with no biofilm detectable at 96 hours (Figure 2B). 

This indirect modality rendered MIRRAGEN considerably less potent against S. 

epidermidis, achieving a three-log reduction. 

The antibiofilm effects against E. coli were also notable; direct application of GL1605 led 

to a three-log reduction at 24 hours, with a pronounced decline and a bactericidal effect 

observed by 48 hours (Figure 2C), and complete biofilm eradication by 96 hours. 

MIRRAGEN demonstrated a peak efficacy of four-log reduction at 96 hours, indicating 

its relatively inefficient antibiofilm effectiveness (Figure 2C). When applied indirectly, 

GL1605 effected a 5.5-log reduction at 72 hours against E. coli, with no detectable 

bacteria at 96 hours (Figure 2D), while MIRRAGEN's indirect application achieved only 

a three-log reduction after 96 hours. For P. aeruginosa, direct application of GL1605 

achieved a bacteriostatic effect at 24 hours and a bactericidal effect with a 4.5-log 

reduction by 48 hours, beyond which no bacteria were detectable (Figure 2E). Indirect 

application of the GL1605 achieved bactericidal effectiveness after 72 hours (Figure 2F). 

MIRRAGEN's efficacy against P. aeruginosa was minimal in both direct and indirect 

applications when compared to the other bacterial strains (Figure 2F). 
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Figure 1. Static biofilm development of S. epidermidis, E. coli, and P. aeruginosa. 

 

 

 

Biofilm Time (hours) 
Average OD ± 

SD 
Adherence 

Biofilm 

formation 

S. 

epidermidis 

24 h 0.051 ± 0.003 (+/-) Weak 

48 h 0.064 ± 0.002 (+) Moderate 

72 h 0.079 ± 0.004 (+) Moderate  

96 h 0.120 ± 0.001 (++) Severe  

E. coli 

24 h 0.052 ± 0.002 (+/-) Weak  

48 h 0.060 ± 0.001 (+) Moderate 

72 h 0.084 ± 0.003 (++) Severe  

96 h 0.124 ± 0.002 (++) Severe  

P. 

aeruginosa 

24 h 0.055 ± 0.001 (+/-) Weak  

48 h 0.068 ± 0.002 (+) Moderate  

72 h 0.090 ± 0.004 (++) Severe  

96 h 0.128 ± 0.005 (++) Severe  
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Figure 2. Borate bioactive glass direct and indirect application on severely pre-formed 
static biofilms. The BBG was applied to the biofilms directly (A, C, D) and indirectly (B, 
D, F). Treated biofilms were incubated 4 days and cell viability was measured every 24 

hours. Results are expressed as the mean ± standard deviation from three replicates. *P < 
0.05; **P <0.01; ***P <0.001 

 

 

Direct application of BBGs substantively accelerated anti-biofilm activity among all 

tested bacterial species relative to the indirect application.  
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 The GL1605 demonstrated a pronounced and rapid antibiofilm efficacy against both 

gram-positive and gram-negative bacteria within a 48-hour contact period. Conversely, 

MIRRAGEN only achieved bacteriostatic effects following four days of exposure. 

The differential responses to direct versus indirect BBG application can be attributed 

to the immediate bioavailability of ionic species at the biofilm interface in direct 

application, which may exert a more pronounced osmotic or ionic stress on the biofilm. 

In contrast, the indirect approach relies on the diffusion of ions through the biofilm 

structure, which may be impeded by the biofilm's extracellular polymeric substance, 

especially in gram-negative bacteria with their characteristic outer membrane barriers. 

2.3. SCANNING ELECTRON MICROSCOPY (SEM) 

SEM of the untreated control showed the undisturbed state of the bacterial biofilms 

(Figure 3A, B, C). S. epidermidis appears as dense, circular clusters, characteristic of 

staphylococcal biofilms (Figure 3A), with a homogeneous extracellular matrix indicative 

of a mature biofilm. E. coli (Figure 3B), presents a tightly organized rod-shaped cell 

structure within a smooth matrix, while P. aeruginosa (Figure 3C) also exhibits its 

typical rod shape, embedded within a thick, structured matrix. Following MIRRAGEN 

treatment, changes are subtle. S. epidermidis (Figure 3D) shows initial signs of biofilm 

disaggregation, with circular cells beginning to separate. E. coli cells (Figure 3E) display 

a slight separation, indicating early biofilm destabilization. P. aeruginosa shows a less 

dense arrangement with a somewhat disrupted matrix (Figure 3F). In contrast, after 

GL1605 treatment, S. epidermidis reveals distorted, disorganized circular cells, with a 

disrupted matrix suggesting significant biofilm degradation (Figure 3G). The rod-shaped 
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 cells of E. coli (Figure 3H) exhibit pronounced damage and disrupted integrity, while P. 

aeruginosa (Figure 3I) shows severe cell and matrix damage, with cells appearing lysed. 

The pronounced morphological changes from their typical shapes and the compromised 

matrix integrity across all specimens underscore GL1605’s potent antibiofilm efficacy. 

     For S. epidermidis biofilms, the SEM analysis indicated that indirect MIRRAGEN 

application did not result in a significant reduction in biofilm formation. The presence of 

ECM structures connecting biofilm clusters is observed, as indicated by the yellow 

arrows (Figure 3J). These ECM structures appeared to facilitate the persistence of viable 

cells within the biofilm, potentially contributing to the limited disruption seen. Similarly, 

E. coli biofilms subjected to indirect MIRRAGEN application did not yield biofilm 

disruption (Figure 3K). Although there were some dead cells within the biofilm matrix, 

most cells remained viable. Notably, the viable cells were observed to aggregate, likely 

due to the presence of ECM, which appeared to play a role in maintaining the structural 

integrity of the biofilm. In contrast to the observations with S. epidermidis and E. coli, the 

indirect application of MIRRAGEN to P. aeruginosa biofilms did not lead to any 

significant reduction (Figure 3L). SEM analysis revealed an absence of dead cells within 

the biofilm matrix, indicating that the biofilm structure remained largely intact.  

      For GL1605 on S. epidermidis, SEM images indicated the presence of very few 

intact cells, and no aggregated biofilm structures were noted (Figure 3M). Conversely, 

GL1605 application on E. coli biofilms yielded no detected viable cells, with the 

presence of cell debris suggesting significant cell morphological damage (Figure 3N). A 

similar pattern was observed in the case of P. aeruginosa subjected to GL1605 
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 application, where damaged dead cells were visible, and no intact cells were detected 

within the biofilm (Figure 3O).  

     These SEM findings collectively suggest that the effects of BBG application on 

biofilm disruption vary depending on the bacterial species. While some instances showed 

limited disruption with a predominance of viable cells, others exhibited pronounced 

damage and reduced viability, indicating the need for further investigation into the 

mechanisms underlying these variations. Additional complementary assays and analyses 

are needed to gain a comprehensive understanding of the interplay between the BBGs 

and biofilm formation in diverse bacterial strains. The impact of GL1605 on cell viability 

is markedly evident. The integrity of the cells' structure, particularly the cell membrane, 

is crucial for viability, and the images after GL1605 treatment show significant 

disruption. In contrast to the control groups where the biofilms appear intact and cellular 

shapes are well-defined, the GL1605-treated biofilms display a loss of structural 

definition, with cells exhibiting signs of lysis or severe damage. This disruption of cell 

integrity is indicative of compromised cell viability, affirming the efficacy of GL1605 in 

not only disrupting biofilm architecture but also in effectively reducing the population of 

viable bacteria within these structures. 

2.4. BIOFILM DYNAMIC GROWTH  

     To investigate the dynamics of bacterial growth in a dynamic environment, biofilms 

were pre-formed using a CDC biofilm reactor. In this reactor, bacterial cultures are 

subjected to continuous nutrient flow and shear forces, simulating conditions closer to 

those found in natural and clinical settings. A constant infusion of TSB and consistent 
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 shear stress provided by the reactor's design support more rapid biofilm development 

compared to static conditions. The monitoring of biofilm formation was conducted 

through frequent OD measurements every four hours over a 24-hour period, rather than 

the 24-hour intervals used in static studies, due to the accelerated biofilm growth 

dynamics under continuous flow conditions. The ODc for the dynamic study was 

determined to be 0.07 (Fig.4). Results revealed that E. coli and P. aeruginosa developed 

severe biofilms within just 16 hours of incubation in the reactor. S. epidermidis, although 

slower, followed suit by forming severe biofilms by 20 hours (Figure 4). The faster 

biofilm formation by E. coli and P. aeruginosa can be attributed to their inherent rapid 

growth rates, efficient adherence mechanisms, and possibly their ability to better utilize 

the continuous nutrient supply in the dynamic system. 

The severe biofilms formed under these dynamic conditions were then selected for the 

BBGs treatment, aimed to assess the effectiveness of BBGs in inhibiting or disrupting 

pre-formed biofilms. The effectiveness of BBGs against such robust biofilm structures is 

particularly significant as these are known to exhibit considerable resistance to 

conventional antimicrobial treatments.  

2.5. BBG DIRECT/INDIRECT APPLICATION ON DYNAMIC BIOFILMS 

 Direct application of MIRRAGEN to S. epidermidis dynamically growing cultures 

yielded a moderate reduction of approximately 2 log units within the initial 4 days of 

contact (Figure 5A) Conversely, the direct application of GL1605 exhibited 4-log 

reduction within 48 hours, indicative of a bactericidal effect (Figure 5A).  
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Figure 3. SEM. (A, B, C) biofilms before BBG treatment after 48 hours. (D, E, F) direct 
MIRRAGEN application. (G, H, I) Direct GL1605 application. (J, K, L) indirect 

MIRRAGEN application. (M, N, O) indirect GL1605 application. Yellow arrows indicate 
the presence of ECM, red arrows indicate viable cells, and blue arrows indicate dead cells 

 

Although a slightly diminished effect was observed between 48 and 96 hours, the 

antibacterial efficacy remained substantial. Indirect MIRRAGEN contact with S. 
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 epidermidis displayed a similar trend to direct application, with no marked reduction in 

bacteria (Figure 5B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Dynamic biofilm development of S. epidermidis, E. coli, and P. aeruginosa. 
Biofilms were formed in a CDC biofilm reactor for 24 hours. The OD was measured 
every 4 hours. All results are expressed as the mean ± standard deviation from three 

replicates. 
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 indirect application of GL1605, however, exhibited a substantial 3.8-log reduction after 

72 hours, indicating that it required an additional day to achieve the same bactericidal 

effect as direct application (Figure 5B).    

Direct application of MIRRAGEN to dynamically growing E. coli cultures resulted in 

a bacteriostatic effect, with a 2-log unit reduction observed after 96 hours (Figure 5C). In 

contrast, direct application of GL1605 produced a rapid and potent 5.6-log reduction 

within 48 hours, eradicating the bacteria after 96 hours. (Figure 5C) Similarly, indirect 

MIRRAGEN application on E. coli cultures demonstrated a 2-log reduction after 96 

hours, indicating its limited impact. The indirect application of GL1605, though less 

effective than direct application, still achieved a notable 4.5 log unit reduction within 72 

hours (Figure 5D). 

     Dynamic growth of P. aeruginosa displayed more resilience to MIRRAGEN's 

direct application, resulting in only 1-log reduction after 96 hours. In contrast, direct 

application of GL1605 exhibited a more substantial 4-log reduction within 48 hours, with 

a gradual increase in efficacy over the subsequent 48 hours (Figure 5D). Similarly, 

indirect MIRRAGEN application on P. aeruginosa cultures did not induce significant 

bacterial reduction. However, the indirect application of GL1605 displayed a significant 

4.5-log reduction after 72 hours, highlighting its potency in achieving bactericidal effects 

(Figure 5E). 

     A detailed investigation revealed the variable efficacy of MIRRAGEN and the 

GL1605 when applied directly and indirectly to dynamically pre-formed bacteria. These 

results underscore the importance of considering the specific bacterial strain and variant 
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 when assessing the antibacterial and antibiofilm properties of MIRRAGEN, highlighting 

the potential use of GL1605 in achieving potent bactericidal effects.  

2.6. SCANNING ELECTRON MICROSCOPY (SEM) 

     SEM images of untreated S. epidermidis, E. coli, and P. aeruginosa biofilms reveal 

dense, compact structures (Figure 6A, B, C). These biofilms, marked by a robust 

extracellular matrix ECM, exhibit characteristics crucial for resilience, such as three-

dimensional architecture and cellular cohesion. Following MIRRAGEN treatment, SEM 

analysis shows early signs of biofilm disassembly in S. epidermidis (Figure 6D), E. coli 

(Figure 6E), and P. aeruginosa (Figure 6F), with a slight reduction in cell numbers, 

although significant viable populations persist, as indicated by the presence of ECM. 

GL1605 treatment, however, resulted in pronounced disorganization of biofilm 

architecture across all species. S. epidermidis biofilms display extensive morphological 

changes (Figure 6G), E. coli exhibited significant cellular damage (Figure 6H), and P. 

aeruginosa also presented extensive cell disruption (Figure I). The presence of dead cells 

suggests a potent bactericidal effect of GL1605, likely due to its destabilizing action on 

the ECM and direct disruption of cell membranes. 

     SEM imaging was performed 72 hours after indirect application of MIRRAGEN 

and the GL1605 on the dynamically pre-formed biofilms. The SEM analysis of S. 

epidermidis biofilms subjected to indirect MIRRAGEN application revealed that the 

biofilm integrity remained largely unaffected when compared to the control group. Intact 

biofilms were prominently observed, with the presence of ECM (Figure 3J), which is 

responsible for maintaining the structural integrity of the biofilm, emphasizing their role 



                                                                                                                                       

 

122 

 in biofilm resilience. Similarly, the indirect application of MIRRAGEN on E. coli 

biofilms did not disrupt the biofilm matrix significantly; SEM analysis indicated no 

damaged cells within the biofilm matrix. Instead, a limited number of cells appeared to be 

disassociated from the biofilm structure, suggesting that MIRRAGEN treatment had 

minimal effect on E. coli biofilm stability (Figure 3K). Following indirect MIRRAGEN 

application on P. aeruginosa biofilms, MIRRAGEN did not induce significant biofilm 

disruption. Intriguingly, the biofilm structure remained robust, displaying strong 

aggregates similar to those observed in the untreated control group (Figure 3L). 

For the GL1605 application on S. epidermidis, SEM images showed signs of cellular 

damage, as indicated by the blue arrows (Figure 6M). E. coli treated with the GL1605 

biofilms resulted in damaged, disintegrated cells, along with the presence of cell debris 

and morphologically altered cells (Figure 6N). Similar observations were noted for P. 

aeruginosa subjected to GL1605 application, wherein damaged dead cells were 

prominent, accompanied by the presence of substantial cell debris (Figure 6O). Few 

viable cells were discernible, further substantiating pronounced effects on biofilm 

integrity. 

 

3. DISCUSSION 

     Despite the potential of BBGs, a comprehensive understanding of their application 

in clinical settings is lacking. Current literature often presents fragmented insights, with a 

notable gap in studies that simulate different clinical conditions.  
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Figure 5. Borate bioactive glass direct and indirect application on severely pre-formed 
static biofilms. The BBG was applied to the biofilms directly (A, C, D) and indirectly (B, 
D, F). Treated biofilms were incubated 4 days and cell viability was measured every 24 

hours. Results are expressed as the mean ± standard deviation from three replicates. *P < 
0.05; **P <0.01; ***P <0.001  
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Figure 6. SEM. (A, B, C) biofilms before BBG treatment after 48 hours. (D, E, F) direct 
MIRRAGEN application. (G, H, I) Direct GL1605 application. (J, K, L) indirect 

MIRRAGEN application. (M, N, O) indirect GL1605 application. Yellow arrows indicate 
the presence of ECM, red arrows indicate viable cells, and blue arrows indicate dead cells 

 

This gap is critical as  HAIs continue to evolve in complexity, with antibiotic resistance 

posing an ever- increasing challenge. This research aims to bridge this gap by providing a 



                                                                                                                                       

 

125 

 comprehensive analysis of the efficacy of BBGs, particularly focusing on their interaction 

with the biofilms of key bacterial species. By incorporating a multi-faceted approach that 

includes both direct and indirect applications of BBGs in static and dynamic growth 

conditions, this study seeks to offer a nuanced understanding of how these innovative 

materials can be effectively utilized to minimize HAIs. 

     Exploring the biofilm formation dynamics, the research employed a methodical 

approach to incubate bacterial cultures under static conditions to replicate the stable 

environment often found in clinical settings, where biofilms pose significant treatment 

challenges. Biofilm biomass was determined using the crystal violet assay; this assay 

exploits the principle of differential staining, wherein the crystal violet dye preferentially 

binds to the biofilm matrix and bacterial cells. The spectrophotometric analysis then 

allows for the quantification of this binding by measuring the OD of the stained biofilms, 

thereby providing an indirect but reliable estimate of biofilm mass. 

     The use of a predetermined ODc of 0.02 served as a threshold to distinguish 

between biofilm categories. Biofilm classification into non-adherent, weak, moderate, or 

severe biofilms enabled a nuanced interpretation of biofilm formation levels, which is 

essential for assessing the potential risk associated with biofilm-related infections and the 

efficacy of antimicrobial agents. The study's findings that all tested bacterial strains were 

capable of adherent biofilm formation within the initial 24-hour period highlight their 

capacity to establishsurfaces. Notably, the progression to severe biofilm formation 

differed among the species, with S. epidermidis reaching a severe mode by the third day, 

while E. coli and P. aeruginosa required an additional day. This temporal difference may 
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 reflect the inherent biological and physiological differences among the species, such as 

cell surface structures, biofilm matrix components, and growth rates. 

     Selecting severe biofilms for BBG efficacy assessment is a deliberate strategy to 

challenge the BGs with the most resilient biofilm structures. These severe biofilms are 

characterized by a dense ECM and a high cell density, which confer a heightened 

resistance to antimicrobial agents, making them a formidable model for testing. The ECM 

not only serves as a physical barrier but also plays a role in gene regulation, signaling, 

and community behavior within the biofilm, further complicating eradication efforts.  

     The dynamics of biofilm formation in a CDC biofilm reactor can be significantly 

different from static cultures due to the flow conditions that more closely mimic the 

natural environment of bacteria in host tissues or industrial settings. The physical 

characteristics of biofilm growth environments play a crucial role in shaping biofilm 

morphology and influencing the effectiveness of antimicrobial treatments. Moreover, 

dynamic conditions can lead to more heterogeneous and irregular biofilm structures that 

may show a different response to treatments compared to biofilms grown under static 

conditions.  

     The accelerated biofilm formation by E. coli and P. aeruginosa in a CDC biofilm 

reactor, as compared to S. epidermidis, can be attributed to their faster growth rates, 

efficient adhesion mechanisms, rapid EPS production, shear resistance, responsive 

genetic regulation, and effective quorum sensing. These factors are supported by 

evidence from microbial physiology and genomic studies, and they underscore the 

challenges posed by these organisms in biofilm-associated infections. These differences 

are well-documented in scientific literature, which shows that P. aeruginosa, for instance, 
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 has biofilm phenotypes that are less susceptible to treatments when formed under certain 

conditions, highlighting their resilience and adaptability in forming biofilms. The 

intricate biofilm formation mechanisms and control pathways of these bacteria have been 

extensively studied, providing insights into their abilities to establish biofilms rapidly in 

dynamic environments. Studies have shown that E. coli can double in 20 minutes under 

optimal conditions, while P. aeruginosa and S. epidermidis typically have longer 

doubling times. Research comparing the biofilm formation capabilities of these bacteria 

under flow conditions has consistently reported faster biofilm formation by E. coli and P. 

aeruginosa. Additionally, genomic analyses reveal a higher number of genes related to 

adhesion and stress response in these bacteria, which may provide a genetic basis for 

their rapid biofilm formation abilities (14-16). 

     Previous studies have highlighted that the intricate regulatory systems of P. 

aeruginosa and E. coli contribute to their rapid biofilm development. These bacteria 

utilize advanced communication and control processes that facilitate quicker biofilm 

formation (41). In a study examining biofilm formation by various clinical isolates (42), 

it was observed that certain strains of E. coli and P. aeruginosa had a significantly greater 

ability to form biofilms compared to other strains. This ability was determined through 

both a microtiter plate method and SEM. The study found a strong association between 

specific pulsed-field type (PFT) groups and biofilm formation capabilities in these 

bacteria. Additionally, a correlation between the biofilm formation and the site of isolate 

collection was observed, indicating that clinical strains isolated from non-fluid sites such 

as tissues and respiratory tracts had a higher proportion of biofilm strains. This suggests 
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 that the biofilm-forming capacity of these bacteria can vary significantly depending on 

their genetic makeup and the environment from which they are isolated.  

     This research not only provides insight into the biofilm formation capabilities of 

different bacterial species but also sets a foundational understanding for the evaluation of 

BBGs in a clinically relevant scenario. The BBGs’ performance against severe biofilms 

could provide valuable data regarding their potential as alternative or adjunctive therapies 

in managing of biofilm-associated infections. The ability of metal-ion doped BBGs to 

disrupt or inhibit these complex structures could lead to novel anti-biofilm strategies, 

especially important in the context of increasing antibiotic resistance and the need for 

new antimicrobial strategies. In evaluating the anti-biofilm efficacy of the two BBG 

compositions, this study implemented both direct and indirect treatment mehtods. Direct 

application represents the physical incorporation of the BBGs into the biofilm matrix, 

whereas indirect application represents BBG dissolution products, encompassing a 

spectrum of released ions, into the biofilm environment. 

     Results demonstrate a significant reduction in biofilms within 2 days under direct 

application and within 3 days for indirect application of the GL1605. These findings were 

consistent across the three bacterial species, in both static and dynamic conditions, 

underscoring the potential of metal-ion doped BBGs as an effective approach to minimize 

HAIs complicated by biofilms. These four conditions were chosen to mimic the diverse 

environments encountered in clinical settings. Our findings indicate that the GL1605 

demonstrates enhanced ant-biofilm properties. Specifically, bacterial growth was 

inhibited within 2 days under direct GL1605 application and within 3 days for indirect 

application. These results were consistent across all three bacterial species tested, under 
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 both static and dynamic conditions. The study highlights the significance of metal-ion 

doping (particularly copper and zinc) in improving the biological functionalities of 

BBGs. 

     The application of Mirragen and GL1605 to the S. epidermidis, E. coli, and P. 

aeruginosa biofilms in a dynamic growth environment has yielded varying results. 

Directly applied Mirragen showed limited biofilm reduction capabilities, likely due to its 

inability to effectively disrupt the biofilm's ECM barrier, with P. aeruginosa biofilms 

exhibiting resilience, possibly due to their dense matrix and efficient resistance 

mechanisms. In contrast, GL1605 demonstrated significant bactericidal effects directly, 

suggesting an enhanced ability to penetrate or disassemble the biofilm structure. When 

applied indirectly, Mirragen's effects remained minimal, indicating that the mode of 

delivery is crucial for its efficacy. However, GL1605 retained a strong bactericidal 

impact even with indirect application, highlighting its potential for sustained action and 

deeper penetration into the biofilms of each bacterial species. This suggests that the metal 

dopants and delivery method of BBGs are critical determinants of their antimicrobial 

effectiveness, particularly under the challenging conditions of dynamic biofilm growth. 

In a comparative analysis, Jung et al. (43) observed that GL1605 demonstrated a rapid 

inhibitory effect on P. aeruginosa biofilms, achieving significant inhibition within four 

hours. 

     The indirect application of GL1605 also resulted in significant reductions in 

biofilm density. This suggests that the soluble ionic forms are sufficient to penetrate the 

biofilm matrix, disrupting its integrity over time. In contrast, MIRRAGEN’s dissolution 

products demonstrated a markedly less effective anti-biofilm action, particularly against 
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 P. aeruginosa. In contrast, MIRRAGEN exhibited a bacteriostatic effect, which was only 

observed after an extended period of 48 hours.  

     In assessing the effectiveness of GL1605 against bacterial biofilms grown under 

static and dynamic conditions, it has been observed that the bactericidal effect is similar 

in both environments, albeit with a slightly more pronounced effect under dynamic 

conditions. This can be attribute to the enhanced penetration and distribution of bioactive 

agents in a fluid dynamic environment, which increases the exposure of the bacterial 

biofilm to the antimicrobial agent, potentially leading to a higher log reduction in 

bacterial counts. The observed bactericidal effect of GL1605 after 48 hours in direct 

contact under both growth conditions may be attributed to the direct interaction and 

immediate bioavailability of the BBGs to the biofilm matrix and bacterial cells. However, 

when applied indirectly, the effectiveness of GL1605 requires a longer period (72 hours) 

to achieve a similar level of biofilm reduction, which can be due to the time needed for 

the bioactive components to diffuse through the biofilm matrix to reach the bacterial 

cells. 

 The scientific discussion around the effectiveness of GL1605 against bacterial 

biofilms is consistent with the understanding that the mode of growth and the method of 

application of the antimicrobial agent are critical factors in determining treatment 

outcomes. The detailed mechanisms of action, however, would require further 

investigation and could be substantiated by microbiological studies focusing on biofilm 

permeability, agent diffusion rates, and the impact of fluid dynamics on bacterial biofilm  

structures. BBGs’ direct and indirect application on static and dynamic biofilms is 

summarized in Figure 7 (44-51).  
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Figure 7. Summary of the clinical scenarios represented by the direct/indirect BBG 
application of static/dynamic biofilm modes. 

 

 

 In SEM analyses of bacterial biofilms, similar morphological characteristics and 

viable cell reductions were noted for both statically and dynamically grown biofilms. 

However, dynamically grown control biofilms exhibited a more disordered and 

aggregated appearance, particularly in S. epidermidis. This could be due to the enhanced 

nutrient flow and shear forces in dynamic environments, affecting biofilm integrity and 

promoting a more heterogeneous structure. 

The dynamic growth conditions in a bioreactor can significantly influence biofilm 

morphology. The constant flow of nutrients enhances bacterial metabolism, leading to 

more rapid growth and biofilm maturation. Shear forces, meanwhile, can selectively 
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 remove weaker parts of the biofilm, promoting a more irregular and “wobbly” 

appearance as only the most adherent cells and matrix components persist. This can lead 

to a more heterogeneous biofilm structure, with varying degrees of density and thickness, 

potentially affecting the biofilm's overall resilience and its response to antimicrobial 

agents. Furthermore, the shear stresses can induce a variable shear that may influence the 

biofilm's coverage and structure, leading to areas with increased density and thickness in 

regions experiencing the greatest variance in shear.  

     In the untreated controls, SEM images depict S. epidermidis, E. coli, and P. 

aeruginosa with intact, densely compacted biofilms, characterized by a robust ECM that 

supports the biofilm's three-dimensional architecture and cellular cohesion, crucial for the 

biofilm's resilience. Upon treatment with MIRRAGEN, S. epidermidis displayed a 

slightly disaggregated matrix, indicative of the beginning of biofilm breakdown, which is 

mirrored in the treatments of E. coli and P. aeruginosa. Although the biofilms remained 

largely intact, these subtle morphological changes suggest a compromise in the structural 

integrity of the biofilm matrix and potential alterations in cell surface interactions. The 

treatment with GL1605 yielded a stark contrast; the biofilms of S. epidermidis exhibit 

significant morphological alterations, characterized by a disrupted and disorganized 

extracellular matrix. E. coli showed considerable cellular damage, pointing to a profound 

impact on cell viability. P. aeruginosa similarly displayed extensive damage, with 

disrupted cells and a compromised matrix.  

     These observations underscore the critical influence of the GL1605 composition on 

anti-biofilm activity. The presence of ZnO and CuO in GL1605 enhanced its anti-biofilm 

efficacy against both gram-positive and gram-negative bacteria. The direct application 
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 ensures immediate interaction of these ions with the biofilm, intensifying their impact. 

Indirect application, while effective, showed a delayed response due to the time required 

for the dissolution products to infiltrate and act upon the biofilm structure. Zinc is 

recognized for its role in impairing bacterial cell membrane integrity and inhibiting 

biofilm formation. Copper, while being toxic to bacterial cells at higher concentrations, 

can at trace levels disrupt bacterial metabolic processes and induce oxidative stress, 

leading to cell death. This synergistic effect of zinc and copper, along with the 

foundational ionic matrix of GL1605, is likely instrumental in its rapid bactericidal action 

observed in the direct application. Within 24 hours, a considerable log reduction in 

bacterial count was documented for S. epidermidis, escalating to complete biofilm 

eradication by 48 hours. Conversely, the absence of these trace elements in MIRRAGEN 

may account for its comparatively subdued anti-biofilm efficacy. While still capable of 

inducing log reductions in the bacterial count, MIRRAGEN required a longer exposure 

duration to exhibit bacteriostatic effects, demonstrating the pivotal role of trace elements 

in the GL1605’s anti-microbial profile. The trace elements ZnO and CuO in GL1605 

markedly potentiate its anti-biofilm effects, suggesting that their inclusion could be 

pivotal for the development of BBGs tailored for enhanced bactericidal applications. A 

study conducted by Schuhladen et al. (52) demonstrated the antibacterial effectiveness of 

copper and zinc doped BBGs against E. coli and S. aureus within 24 hours; however, the 

study found that the antibacterial effects of the BBGs varied depending on their 

composition. Other studies have observed that BBGs doped with minor concentrations of 

copper and zinc displayed a broad-spectrum antibacterial activity (53, 54).  
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 4. MATERIALS AND METHODS 

Bacteria Strain and Growth Conditions:  Bacterial isolates were chosen because of 

their use in various applications including standard assays and models, their known 

pathogenicity as well as their ability to form well-established biofilms.  

All isolates were purchased from the American Type Culture Collection (ATCC) and 

included Staphylococcus epidermidis ATCC 6538, Pseudomonas aeruginosa ATCC 

27853, Escherichia coli ATCC 9637. The strains were subcultured on tryptic soy agar 

(TSA) and incubated overnight at 37°C. A single bacterial colony from an overnight 

culture was resuspended in 5 mL of Tryptic Soy Broth (TSB) and incubated at 37 °C on a 

rotary shaker at 220 rpm.  

Biofilm growth:  Bacterial inoculum was diluted to obtain a bacterial count of about 

108 CFU/mL, corresponding to an optical density (OD) of 0.05-0.09 at 600nm. The 

inoculum was added to a 96-microtiter well plate and supplemented with 2% glucose. 

The plate was incubated at 37 °C for 24 h, 48 h, 72, and 96 h, and the biofilm-forming 

ability was assessed at each time point using the crystal violet assay. For SEM analysis, 

polycarbonate coupons were placed in the well plate with the added bacterial inoculum. 

After severe biofilm development- determined by a crystal violet assay-, the coupons 

were rinsed three times in PBS. Dynamic cultivation of biofilms was carried out in a 

CDC biofilm reactor (BioSurfaces Technologies Corporation, Bozeman, MN, USA). 

Polycarbonate coupons were secured using the rods designed for a standard CDC biofilm 

reactor. Bacterial colonies were introduced into 500 mL of TSB for an overnight 

incubation at 37 °C. Subsequently, 1 mL of this bacterial culture was transferred into the 
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 biofilm reactor. The reactor was then positioned on a heating plate, which was set to 

34°C and the baffle was set to rotate at 130 rpm, this was done for a period of 24 hours to 

facilitate batch growth. In the next stage, a 10% TSB solution (300 mg/L) was employed 

in the Continuous Flow, Stirred Tank Reactor (CFSTR) configuration, ensuring a flow of 

approximately 6.9 mL/min for an extra 24 hours. Post this phase, rods were sterilely 

detached from the reactor and subjected to three PBS rinses. To ascertain the count of 

colony-forming units, a dilution method by 10-fold increments was performed. Prior to 

the biofilm harvest, the coupons underwent three PBS washes to eliminate any non-

adherent cells. Finally, the biofilms were removed from the coupons using 1 mL of PBS. 

Biofilm biomass assessment:  Static biofilms: The microtitre well plates were 

aerobically incubated statically at 37°C. The biofilms were then washed with PBS three 

times to remove planktonic cells. The adhered biofilms in each well were then stained 

with crystal violet solution for 30 minutes, and the xcess stain was rinsed. The well plate 

was rinsed with dH2O 3 times and allowed to air dry. 33% acetic acid was added to 

each well. The crystal violet dye was allowed to solubilize for 30 minutes, and the OD 

was at 595 nm using a 50 UV-Vis Spectrometer microplate reader.  

Reagents and materials:   A Simulated Body Fluid (SBF) medium with a similar ionic 

composition to human plasma was prepared to mimic the physiological conditions upon 

the BG interaction with the biofilms. A BBG, trade-named MIIRAGEN (51.6B2O3–

20CaO–12K2O–5MgO–6Na2O–4% P2O5, in mol %) was used as the undoped BBG. 

Copper and zinc-doped BBG, trade-named GL1605 (51.6B2O3–20CaO–12K2O–5MgO–

6Na2O–4% P2O5–1%ZnO–0.4%CuO, in mol %). The GL1605 was approved by the 

USFDA in 2018 and is currently used only for treating wounded animals and as a bone 
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 grafting implant component. Both BBGs were provided by the Mo-Sci Corporation, 

Rolla, MO, USA. 

Anti-biofilm testing:  The coupons containing the pre-formed biofilms were added to a 

24-well plate. For the direct BBG contact, 3 biopsy punches (6 mm in diameter) of the 

BBG were added to the plate along with SBF. Untreated glass wool was used as the 

negative control. The plate was for 24 h, 48 h, 72 h, and 96h. At each time point, the 

sample was plated on TSA plates at 37 °C for 24 hours and CFUs were observed. 

Experiments were performed in three replicates. For the indirect BBG contact, BBGs 

were added to SBF with a concentration of 170 mg/L and 140 mg/L for MIRGGAEN and 

the GL1605 respectively. The solution was incubated for 24 h, 48 h, 72 h, and 96 h and 

filtered at each time point using a 0.45-micron syringe filter. The filtrates were added to 

the coupons, and samples were plated on TSA plates at 37 °C for 24 hours followed by 

CFUs count.  

Scanning electron microscopy imaging:  SEM was employed to directly visualize the 

morphology of the biofilms and verify their development on the coupons. The growth of 

biofilms was achieved using the previously mentioned method. Individual coupons were 

immersed in a modified Karnovsky's fixative (2.5% glutaraldehyde and 4% 

formaldehyde) in 0.2 M phosphate-buffered saline (PBS) at pH 7.4, where they remained 

for a full day at ambient temperature. Following fixation, a graded series of ethanol was 

used to dehydrate the samples, involving three cycles of 20 minutes each, incrementally 

up to 100% ethanol, after which they were left to air-dry for no less than 48 hours. For 

SEM analysis, the coupons were then affixed to specimen stubs using double-sided 
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 carbon tape and gold-palladium sputter coated. All coupons were imaged with a Helios 5 

Hydra CX DualBeam SEM.  

Dynamic biofilms: Scraped-off biofilms were fixed with 95% ethanol and left to 

incubate for 20 minutes. Following this, the mixture was transferred into microcentrifuge 

tubes and spun down to settle the fixed biofilms, which were then relocated to a 

microtiter plate and permitted to air dry. The process for the crystal violet assay was the 

same as previously mentioned. This procedure was performed in triplicate. The threshold 

for the OD 595nm for the negative control was established by taking the average OD 

595nm from all the negative control wells and adding three times the standard deviation 

to this mean. Based on this threshold, the strains were classified into three categories of 

biofilm formation: weak (ODc < OD ≤ 2 ODc), moderate (2 ODc < OD ≤ 4 ODc), and 

strong (4 ODc < OD).  

Statistical Analysis:   Experiments were performed in three replicates. The data was 

analyzed by constructing a Time-Kill Curve for bacteria, plotting the logarithm of 

colony-forming units (CFU) against time. The viability of bacteria before and after 

treatment across different groups was assessed using a one-way analysis of variance 

(ANOVA). In cases where the data did not follow a normal distribution, the Kruskal-

Wallis one-way analysis of variance on ranks was utilized, followed by the Tukey post 

hoc test to carry out pairwise multiple comparisons when the results were statistically 

significant. The findings are presented as the mean ± the standard error of the mean. The 

threshold for significance was a P-value of less than 0.05. Differences were considered 

significant when the P-value was below this threshold.  
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 Ⅳ. IN VITRO ASSESMENT OF THE ANTI-BIOFILM EFFECTIVENESS OF 
COPPER AND ZINC ENHANCED BORATE BIOACTIVE GLASS USING 

PROCESSED MICROSCOPIC IMAGES 

 
ABSTRACT 

The escalating burden of nosocomial infections presents a formidable challenge to 

healthcare systems worldwide, leading to increased morbidity, prolonged hospital stays, 

and elevated healthcare costs. These infections are often resistant to conventional 

antibiotic therapies due to their association with biofilms which contribute to the 

persistence and resistance of pathogens. In addressing the challenge of biofilm-associated 

nosocomial infections, borate bioactive glasses (BBGs) have emerged as promising 

materials. Doping these glasses with antimicrobial metals could potentially enhance their 

antibacterial properties to prevent biofilm formation. This study undertakes a rigorous 

evaluation of the antibiofilm efficacy of copper and zinc-doped BBGs employing 

processed imaging techniques and machine learning algorithms that allow for the in-

depth analysis of biofilms. The study focused on three bacterial species known for their 

propensity to form biofilms and cause nosocomial infections: Staphylococcus 

epidermidis, Escherichia coli, and Pseudomonas aeruginosa. Results indicated a marked 

reduction in biofilm viability morphological disruptions upon treatment with copper and 

zinc-doped BBGs, highlighting their potential as a novel approach to minimize the 

persistent challenge of nosocomial infections. 
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 1. INTRODUCTION 

      Nosocomial infections constitute a major health concern globally, significantly 

impacting patient outcomes and healthcare economics. These infections include a wide 

range of infections, such as surgical site infections, ventilator-associated pneumonia, and 

catheter-associated urinary tract infections, among others (1, 2). The Centers for Disease 

Control and Prevention (CDC) estimates that on any given day, about 1 in 31 hospital 

patients acquire at least one type of nosocomial infection (3). Moreover, The World 

Health Organization (WHO) has identified these infections as a critical area of concern, 

with estimates indicating that millions of patients worldwide are affected annually (4). 

The persistence and spread of these infections are facilitated by the increasing prevalence 

of antibiotic-resistant bacteria, making nosocomial infections a critical challenge to 

manage and control. 

          A key contributing factor in the challenge of treating nosocomial infections is 

the ability of many pathogens to form biofilms on both biotic and abiotic surfaces, 

including medical devices (5). Biofilms are complex, structured communities of bacteria 

encased in an extracellular polymeric substance (EPS) matrix that they produce. This 

matrix protects the bacteria from antibiotics and the host immune system, contributing to 

the chronic nature of biofilm-associated infections (5, 6). Biofilms are known to be up to 

1,000 times more resistant to antibiotics than planktonic bacteria, highlighting the need 

for novel approaches to disrupt biofilm formation and eradicate biofilm-associated 

pathogens (7). 
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           BBGs represent an innovative class of biomaterials with promising applications 

in bone regeneration and wound healing. Unlike other bioactive glasses, BBGs exhibit 

faster degradation rates and higher bioactivity, which can be advantageous in biomedical 

and clinical applications (8, 9). The incorporation of therapeutic ions into the BBG matrix 

can further enhance their functionality, providing targeted antimicrobial effects in 

addition to their regenerative properties (10, 11). 

   Doping the BBGs with antimicrobial metal ions, particularly, copper and zinc, offers 

a strategic approach to combating biofilm formation (12, 13). Copper is well-known for 

its broad-spectrum antimicrobial effects, attributed to its ability to disrupt bacterial cell 

membranes and interfere with vital cellular processes (14). Zinc, on the other hand, has 

been shown to inhibit biofilm formation and reduce the virulence of pathogens without 

significant toxicity to human cells (15). The synergistic inclusion of Cu and Zn into 

BBGs aims to exploit these antimicrobial properties, targeting biofilm-forming bacteria 

and preventing nosocomial infections. 

   S. epidermidis, E. coli, and P. aeruginosa were selected for this study based on their 

clinical relevance and known ability to cause device-related nosocomial infections. S. 

epidermidis is a commensal bacterium of human skin that has emerged as a leading cause 

of device-related infections, exploiting compromised host barriers to establish biofilms 

on indwelling medical devices. Its capacity for biofilm formation is closely linked to the 

production of polysaccharide intercellular adhesin (PIA), facilitating adherence and 

accumulation on surfaces (16, 17). E. coli, predominantly known as a gut commensal, can 

act as an opportunistic pathogen when externalized from its native environment. It is 

responsible for a significant proportion of urinary tract infections (UTIs), many of which 
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 are associated with biofilm formation on urinary catheters (18). P. aeruginosa is 

recognized for its role in chronic infections and its remarkable ability to resist antibiotics, 

partly due to its biofilm-forming capabilities. This pathogen is a common cause of 

ventilator-associated pneumonia and infections in burn units, with biofilms contributing 

to its persistence and resistance (19, 20). 

          In the context of evaluating the antibiofilm efficacy of Cu/Zn-BBGs, 

microscopic imaging plays a crucial role. Scanning Electron Microscopy (SEM) is a 

powerful direct imaging technique that evaluates the biofilms’ morphological 

characteristics with high accuracy (21). SEM helps discern the alterations in the biofilm's 

architecture with high-resolution imagery, providing insight into the extent of biofilm 

degradation or inhibition. Furthermore, a comparison of cell morphology between treated 

and untreated biofilms can yield information on the mechanisms by which these BBGs 

exert their antibiofilm effects—whether through disruption of the biofilm's protective 

matrix, direct damage to the bacterial cell walls, or a combination of both (22). 

           Moreover, automatic segmentation is a potent tool for calculating areas covered 

by biofilms by partitioning the biofilms into sections. This method overcomes the 

limitations achieved by common manual thresholding that can yield inaccurate results 

such as insufficient image resolution for individual cells. Given that the intensity values 

of the SEM contrast and the biofilms are very similar, manual thresholding makes it 

difficult to analyze the images. Therefore, this study provides an automatic quantitative 

SEM analysis to assess the effectiveness of biofilm disruption achieved and to calculate 

the biofilm area after treatment. Ultimately, the application of machine learning 
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 algorithms in image segmentation provides critical quantitative data that complements the 

qualitative visual evidence obtained through SEM. 

CLSM stands at the forefront of imaging technologies for the study of biofilms, 

offering deeper insights into their complex structures and behaviors (23, 24, 25).  The 

technique's capacity for high-resolution imaging facilitates the detailed analysis of 

biofilm disruption and cell death induced by these novel antimicrobial agents. By 

employing fluorescent stains that differentiate between live and dead cells, CLSM allows 

for the quantification of treatment-induced cytotoxicity within biofilms, providing a clear 

picture of the antimicrobial activity of Cu/Zn-BBGs. Furthermore, CLSM allows for the 

non-invasive, in situ visualization of biofilms in three dimensions by penetrating the 

depth of biofilms, layer by layer, to generate comprehensive three-dimensional 

reconstructions (26). This capability is pivotal for understanding the spatial organization 

and heterogeneity within biofilms, which are critical factors in their resilience and 

pathogenicity. The three-dimensional insights obtained through CLSM are critical for 

observing the intricate architecture of biofilms, including the distribution of microbial 

cells as well as the biofilm’s volume, thickness, and confluency (26, 27).  

 

2. RESULTS 

2.1. ANTIBIOFILM EFFECTIVENESS   

     The anti-biofilm effect of the BBGs was assessed quantitively by examining the 

CFU (Table 1). The GL1605 was found to markedly reduce the bacterial biofilms 

compared to the negative control, and results were consistent among the bacterial species. 
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 In contrast, no significant changes were observed with the biofilms treated with 

Mirragen. GL1605 achieved a statistically significant 4-log reduction in biofilms after 48 

h compared to the control, signifying a 10,000-fold decrease in viable bacteria. 

  

Table 1. Log reduction of biofilms after 24 hours and 48 hours of exposure to the 
bioactive glasses  

 

CFU log reduction after 24 hours 

 Control Mirragen GL1605 

S. epidermidis  0 1  4 

 (p<0.01) 

E. coli  0 1.5 4.5 

(p<0.01) 

P. aeruginosa 0 0.5 3.5  

(p<0.05) 

CFU log reduction after 48 hours 

S. epidermidis  0 2 7 

(p<0.001) 

E. coli  0 3.5 

(p<0.05) 

8 

(p<0.001) 

P. aeruginosa 0 2.5 6.5 

(p<0.001) 
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 2.2. SEM  

SEM images in Figure 1, provide a vivid depiction of the biofilm structures formed by 

S. epidermidis, E. coli, and P. aeruginosa. These images are provided both before and 

after the segmentation process. The control images show extensive and resilient biofilm 

formation. After Mirragen treatment, the SEM images revealed only minor damages to 

the biofilm structures, suggesting partial disintegration of the biofilms that largely 

maintained their viability and structural integrity. In contrast, GL1605 treatment 

exhibited a homogenous disruption of the biofilm architecture, including dead cells and 

debris.  

     A critical evaluation of the segmentation accuracy in the SEM images was performed 

to compare automatic machine learning algorithms with traditional manual thresholding  

techniques (Fig 1S). The machine learning approach utilized for segmentation is 

described as employing a diverse array of feature detection methods, including texture 

filters and edge detection algorithms, which are paramount in training the models to 

differentiate between the biofilm and the surface in the SEM images. ROIs were 

randomly positioned on both the biofilm and the surface to provide the algorithm with a 

variety of training data, which enhances its ability to recognize different features within 

the images This automated approach shows several advantages over the manual method. 

Primarily, it does not depend on the variations in intensity that manual thresholding does, 

which is particularly beneficial in situations where the SEM images have non-uniform 

backgrounds. Such non-uniformity can often pose a challenge for manual segmentation, 

leading to inaccuracies and inconsistencies in the results. Moreover, the automatic 

method's independence from intensity differences can allow for greater precision in 
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Figure 1. SEM. SEM images of (A) S. epidermidis, (B) E. coli, and (C) P. aeruginosa 
biofilms (x2500 magnification) (a) control (b) Mirragen treatment (c) GL1605 treatment. 

(d-f) Whole SEM images segmented automatically, where biofilms and surface are 
labelled black and white respectively. 
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 identifying the biofilm boundaries, especially when the biofilm and the surface have 

similar grayscale values. The efficacy of biofilm removal treatments is quantitively 

evaluated in Figure 2. Mirragen removed only a few amounts of biofilm. This suggests 

that while Mirragen possesses some activity against biofilms, it is relatively limited and 

may not be sufficient for applications requiring substantial biofilm reduction. On the 

other hand, GL1605 has demonstrated remarkable efficacy, removing upwards of 90% of 

the biofilms, indicating its potent disruptive effect on the biofilm matrix and capability of 

penetrating and eliminating the biofilm's structural components.  

 

 

 

 

 

 

 

 

 

Figure 2. Mean % of remaining biofilms from segmented images after 48 hours of 
 bioactive glass treatment. ***p<0.001 

2.3. CLSM  

     In the S. epidermidis control group, a predominant population of viable cells was 

observed, with minimal presence of dead cells. After Mirragen contact with the biofilms 

for 48 hours, the viability of the cells did not exhibit significant reduction, and only a 
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 slight increase in the number of nonviable cells was observed. In contrast, GL1605 

treatment for the same duration markedly decreased the number of viable cells, with a 

concurrent increase in the dead cell count (Fig 3A).  

     Quantitative analysis of fluorescence intensity across the respective channels 

provided insight into the differential staining between viable and nonviable cells. 

Treatment with Mirragen yielded fluorescence intensities similar to the control, 

indicating little to no effect on cell viability. In stark contrast, the GL1605 treatment 

resulted in a substantial deviation in fluorescence intensities, suggesting a pronounced 

increase in cell mortality (Fig 3B). 

     The proportion of live to dead cells was subsequently calculated, revealing that 

after a 48-hour exposure to Mirragen, less than 10% of the cells were nonviable. On the 

other hand, GL1605 treatment resulted in a greater than 90% reduction in viable cell 

count (Fig 3C). Furthermore, the ratio of SYTO to PI fluorescence is depicted in Fig 3D. 

This ratio was found to be negligible in the GL1605-treated biofilms as opposed to the 

Mirragen, which retained a ratio similar to that of the untreated control. This indicates 

that fluorescence emanating from viable cells was significantly higher compared to that 

of dead cells, underscoring the effectiveness of GL1605 in compromising cell viability. 

Similarly, the antibiofilm efficacy of Mirragen and GL1605 against E. coli and P. 

aeruginosa demonstrated consistent patterns. Within 48 hours of exposure to Mirragen, a 

slight decrease in viable cell was observed for both bacterial species. In contrast, GL1605 

treatment exhibited a significant reduction in viable cells and a concomitant increase in 

dead cells. This effect was substantiated by the fluorescence intensity measurements, 

which indicated a similarity of SYTO dye intensity over PI in biofilms treated with 
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 Mirragen and the untreated controls. In contrast, for GL1605-treated biofilms, PI 

intensity was markedly high compared to SYTO.  

  

 

Figure 3. CLSM. (a) Confocal images of S. epidermidis before and after bioactive 
glass treatment for 48 h (b-d) mean fluorescent intensity (e) percentage of live and dead 

cells remaining (f) ratios of the SYTO and PI fluorescent intensities 

 

Mirragen exhibited a minimal inhibition effect on the viability of E. coli biofilms (Figs 

4A, 5A), with only a 5% reduction. In P. aeruginosa, approximately a 6% decrease in  
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 viable cell count was achieved. Whereas, GL1605 treatment resulted in a significant 

reduction of viable cells, exceeding 90% for both E. coli and P. aeruginosa (Figs 4C, 

5C). 

 

 

Figure 4. CLSM. (a) Confocal images of E. coli before and after bioactive glass treatment 
for 48 h (b-d) mean fluorescent intensity (e) percentage of live and dead cells remaining 

(f) ratios of the SYTO and PI fluorescent intensities 
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Figure 5. CLSM. (a) Confocal images of P. aeruginosa before and after bioactive 
glass treatment for 48 h (b-d) mean fluorescent intensity (e) percentage of live and dead 

cells remaining (f) ratios of the SYTO and PI fluorescent intensities.  

 

Moreover, the fluorescence intensity from Mirragen was significantly higher in biofilms 

treated with Mirragen compared to GL1605 treated biofilm (Figs 4B, 5B). The 

fluorescent ratios of Mirragen-treated biofilms closely resembled those of the controls 

(Figs 4D, 5D). 
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 However, the ratios for GL1605-treated biofilms were significantly diminished, reflecting 

the extensive cellular mortality induced by the treatment.  

In P. aeruginosa, approximately a 6% decrease in viable cell count was achieved. In 

stark contrast, GL1605 treatment resulted in a significant reduction of viable cells, 

exceeding 90% for both E. coli and P. aeruginosa (Figs 4C, 5C). Moreover, the 

fluorescence intensity from Mirragen was significantly higher in biofilms treated with 

Mirragen compared to GL1605 treated biofilm (Figs 4B, 5B). The fluorescent ratios of 

Mirragen-treated biofilms closely resembled those of the controls (Figs 4D, 5D). 

However, the ratios for GL1605-treated biofilms were significantly diminished, reflecting 

the extensive cellular mortality induced by the treatment. 

2.4. BIOFILM STRUCTURAL PARAMETERTERS  

     The 3D reconstruction images derived from CLSM demonstrated the effectiveness 

of the GL1605 in disrupting the biofilms’ spatial structures and eliminating some dead 

cells, indicating its potential to kill and eliminate bacterial biofilms (Figs 6A, 7A, 8A). 

The GL1605 resulted in a high reduction in the biofilm volume (Figs 6B, 7B, 8B) and the 

overall biofilm thickness compared to the Mirragen (Figs 6C, 7C, 8C). Results were 

similar in the three bacterial species. P. aeruginosa biofilms exhibited a notable increased 

biovolume and overall thickness, which can be attributed to their prolific EPS production 

that leads to the formation of complex, multi-layered structures. However, upon treatment 

with compound GL1605 for 48 hours, a reduction in both biofilm thickness and 

biovolume was observed. This indicates that GL1605 possesses biofilm-disruptive 
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 properties, potentially targeting and degrading the EPS matrix or impeding its production, 

thus compromising the structural integrity of the biofilm.  

     Three-dimensional reconstructions generated from the CLSM provided a visual and 

quantitative assessment of the impact of GL1605 on bacterial biofilms. The GL1605 

effectively compromised the spatial organization of the biofilms and facilitated the 

removal of dead cells. Furthermore, a significant reduction in both the volume and the 

overall thickness of the biofilms was exhibited when treated with GL1605, as compared 

to those treated with Mirragen; effects were consistent across the biofilms of all three 

bacterial species studied.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Biofilm structural parameters. (a) 3D biofilm architecture of S. epidermidis 
from CLSM images (b) biofilm’s biovolume (c) Impact of bioactive glass treatment on 

the overall biofilm mean thickeness. 
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 For E. coli, Mirragen was more effective, with a 54% eradication rate, suggesting a 

slightly better but still incomplete ability to disrupt the biofilm structure. However, its 

efficacy against P. aeruginosa was markedly low, with only 11%. In contrast, GL1605 

displayed a remarkably potent biofilm eradication capability, with a consistent 100% 

success rate across all tested biofilm species. This indicates that GL1605 is not only    

effective but also consistently so across a range of biofilm types, which is particularly 

significant given the varied physiologies and biofilm-forming mechanisms.  

 

 

Figure 7. Biofilm structural parameters.  (a) 3D biofilm architecture of E. coli from 
CLSM images (b) biofilm’s biovolume (c) Impact of bioactive glass treatment on the 

overall biofilm mean thickness 
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 The structural parameters of biofilm volume and thickness are critical indicators of 

biofilm robustness and resilience. Biofilm volume corresponds to the total biomass and is 

a measure of the three-dimensional space occupied by the bacterial community within the 

biofilm. Thickness, on the other hand, reflects the depth of the biofilm and is related to 

the diffusion gradients for nutrients and waste products, as well as the penetration of 

antimicrobial agents. A reduction in these parameters implies that GL1605 disrupts 

biofilm integrity, likely impairing the biofilm's defensive capabilities and reducing its 

potential to withstand antimicrobial penetration and immune clearance. 

A mathematical formula was used to calculate the Antiseptic Biofilm Eradication 

(ABE%) to assess the impact level of Mirragen and GL1605 on the biofilms.  

 

 

Figure 8. Biofilm structural parameters.  (a) 3D biofilm architecture of P. aeruginosa 
from CLSM images (b) biofilm’s biovolume (c) Impact of bioactive glass treatment on 

the overall biofilm mean thickness. 
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 This formula consists of two components: the biofilm fluorescent intensity and the 

biofilm-covered area (calculated by Image j). Figure 9 shows a comparable biofilm 

eradication capacity for Mirragen and GL1605. Mirragen achieved a 41% reduction in 

biofilm mass for S. epidermidis, which, while notable, indicates a less than half reduction 

and suggests that a significant portion of the biofilm remains intact post-treatment. 

 

 

Figure 9. Antiseptic’s Biofilm eradication% values of Mirragen and GL1605 on S. 
epidermidis, E. coli, and P. aeruginosa biofilms. 

 

3. DISCUSSION 

     The strategic use of processed microscopic images to analyze biofilms represents 

the importance of integrating cutting-edge imaging technologies with novel antimicrobial 

materials to address the challenges posed by biofilm-associated nosocomial infections. 

This multidisciplinary approach not only enhances our understanding of biofilm 

dynamics but also opens new avenues for the development of effective strategies to 

combat HAIs, ultimately contributing to improved patient outcomes and reduced 
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 healthcare costs. Through this research, the potential of Cu/Zn-BBGs as an innovative 

solution to a critical global health issue is vividly demonstrated, highlighting the 

significance of advancing biomaterials in the fight against infectious diseases. 

     The high-resolution images acquired from SEM provide a valuable qualitative 

assessment of the bioactive glasses' antibiofilm activity. When these images are 

considered alongside quantitative data such as CFU and CLSM a comprehensive picture 

of the Cu/Zn-BBGs' antibiofilm potential is highlighted. Moreover, the incorporation of 

manual machine learning algorithms in the assessment of biofilms treated with Cu/Zn-

BBGs significantly enhances the quantitative analysis of SEM images. Machine learning 

and image processing techniques have the potential to significantly improve the accuracy 

and efficiency of biofilm analysis in SEM images. While traditional manual thresholding 

techniques have provided basic insights by allowing for the differentiation between 

biofilm and non-biofilm areas based on contrast, they lack precision and can be subject to 

user bias. In contrast, machine learning algorithms that involve segmentation techniques 

offer a more sophisticated and reproducible approach to image analysis. Through this 

segmentation, the algorithms can effectively quantify the area covered by biofilms, 

providing semiquantitative data that is less prone to subjective interpretation. This 

method was particularly useful when evaluating the efficacy of the Cu/Zn-BBGs, as it 

enabled the measurement of biofilm reduction in a more standardized manner. 

     The SEM analyses showed that Mirragen's impact on biofilms is relatively 

superficial, causing only minor disruptions to the biofilm structure. This observation 

aligned with the quantitative data which showed that Mirragen removed a minor portion 

of the biofilm. The slight damages observed in SEM images could correspond to the 
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 localized disruptions rather than a complete breakdown of the biofilm matrix, accounting 

for the low percentage of biofilm removal. In stark contrast, GL1605 exhibited a robust 

antibiofilm activity, not only disrupting the biofilm structure, as evidenced by the 

homogenous damage seen in SEM images but also removing over 90% of the biofilm 

mass. This high level of efficacy suggests that GL1605 is not merely causing surface-

level damage but is likely penetrating the biofilm matrix and dismantling the biofilm's 

architecture. The extensive biofilm reduction indicates that GL1605 is altering the 

biofilm's physical properties, such as its density, thickness, and adherence, which are 

crucial for its resilience and persistence. A previous study compared the sensitivity and 

specificity of manual and automatic SEM image segmentation and demonstrated the 

accuracy of automatic segmentation and its reproducibility. By generating a ROC curve, 

the study also displayed the effectiveness of automatic segmentation in analyzing 

biofilms on irregular surfaces (28).   

     Compared to traditional imaging techniques, CLSM offers several distinct 

advantages for biofilm research. Fluorescence-based staining methods used in 

conjunction with CLSM allow for the specific labeling of live and dead cells within the 

biofilm, enabling the dynamic assessment of biofilm viability in response to antimicrobial 

treatments. This contrasts with methods that provide only end-point or bulk 

measurements, lacking the resolution to discern the spatial distribution of viable and non-

viable cells within biofilms. Additionally, CLSM's ability to perform longitudinal studies 

on the same biofilm sample over time without necessitating its destruction enables the 

real-time monitoring of biofilm development and the evaluation of antimicrobial 

interventions. This advantage is particularly valuable for assessing the kinetics of biofilm 
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 formation and disassembly under various experimental conditions. Furthermore, CLSM's 

ability to visualize the three-dimensional structure of treated biofilms contributes to a 

deeper understanding of how copper and zinc ions influence biofilm integrity and 

viability. Changes in biofilm thickness, density, and the distribution of dead cells can be 

directly observed and quantified, offering insights into the mechanisms of action of the 

doped glasses. 

     By employing CLSM, this research seeks to provide a detailed analysis of the 

impact of Cu/Zn-BBGs on biofilm viability and structure, offering novel insights into the 

potential of these materials in preventing biofilm-associated HAIs. The novelty of this 

approach lies in the integration of advanced materials science with cutting-edge imaging 

techniques to address a critical issue in infection control, potentially paving the way for 

the development of more effective strategies to combat HAIs in healthcare settings. 

     The observed results across the S. epidermidis, E. coli, and P. aeruginosa biofilms 

provide significant insights into the antibiofilm properties of Mirragen and GL1605. The 

comparative analysis of these compounds reveals crucial differences in their mechanisms 

of action and efficacy, underpinning their potential applications in clinical microbiology 

and antibiofilm strategies. 

     In S. epidermidis, Mirragen did not significantly impact cell viability. This outcome 

suggests that Mirragen's mode of action may not be potent enough to disrupt the robust 

biofilm matrix. In contrast, GL1605 demonstrated a significant reduction in viable cells, 

indicative of a more potent antibiofilm activity that may involve disruption of biofilm 

integrity, inhibition of essential metabolic pathways, or direct damage to cellular 

structures. 
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      For the gram-negative bacteria, E. coli and P. aeruginosa, which are characterized 

by their outer membrane barriers and diverse efflux mechanisms, similar trends were 

observed. Mirragen's slight reduction in viable cells could be attributed to its inability to 

effectively penetrate the cell envelope or its possible neutralization by the bacterial 

defense systems. On the other hand, the substantial decrease in cell viability caused by 

GL1605 suggests that the Cu/Zn-BBGs possess a broad-spectrum antibacterial activity 

capable of overcoming the protective barriers of gram-negative bacteria. 

     Moreover, the high efficiency of GL1605 in reducing viable cells suggests that it 

could be disrupting the outer membrane, thus facilitating the penetration of the PI stain 

and leading to increased fluorescence indicative of cell death. A high SYTO/PI ratio in 

Mirragen-treated and control biofilms suggests that most cells retain intact membranes 

and, hence are likely to be metabolically active. Conversely, the low SYTO/PI ratio in 

GL1605-treated biofilms indicates extensive cell membrane damage and cell death, 

which could be due to direct membrane disruption, interference with membrane 

synthesis, or induction of apoptotic-like pathways leading to cell lysis. 

     The observed decrease in biofilm volume and thickness suggests that GL1605 may 

interfere with biofilm formation at multiple levels. It may inhibit the initial adhesion of 

bacterial cells to surfaces, disrupt the production or structural integrity of the extracellular 

polymeric substance (EPS) matrix, or promote the detachment of cells from the biofilm. 

The removal of dead cells within the biofilms also implies that GL1605 has a post-

formation disruptive effect, not only inhibiting growth but also actively disassembling the 

biofilm architecture. 
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       The efficacy of GL1605 against both gram-positive and gram-negative organisms 

demonstrates its potential as a broad-spectrum antibiofilm agent. In clinical settings, the 

formation of biofilms on medical devices and tissues can lead to persistent infections that 

are resistant to conventional antibiotics. The ability of Cu/Zn-BBGs to penetrate and 

disrupt biofilms may offer a therapeutic advantage in treating these recalcitrant 

infections. Moreover, the application of such antibiofilm agents could be crucial in the 

development of coatings for medical devices to prevent biofilm formation and reduce the 

incidence of device-related infections. A study performed by Jung et al. (29) reported 

findings that aligned with previous observations, demonstrating the efficacy of Cu/Zn-

BBGs in inhibiting P. aeruginosa, S. aureus, and A. baumannii. Compared to undoped 

BBG, the doped variants showed a significant antimicrobial effect. It was noted that the 

planktonic form of the bacteria was suppressed within 24 hours of exposure to the Cu/Zn-

BBGs, and biofilms were effectively inhibited after 48 hours of treatment, using similar 

quantities of BBGs.  

     The difference in fluorescence intensity can be attributed to the distinct properties 

of the fluorescent stains used. The fluorescence intensity of SYTO and PI serves as a 

proxy for cellular viability within biofilms. SYTO dyes generally exhibit strong 

fluorescence upon binding to the nucleic acids within live cells, which possess intact cell 

membranes that prevent the entry of PI. PI, conversely, only penetrates cells with 

damaged membranes, which are typically nonviable, and upon binding to nucleic acids, 

emits fluorescence. Therefore, a high SYTO to PI fluorescence ratio is indicative of a 

larger population of live cells, whereas a low ratio suggests elevated cell mortality. The 

dramatic reduction in SYTO fluorescence in the presence of GL1605 implies that this 
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 compound significantly disrupts cell membrane integrity, leading to cell death and 

subsequent PI staining. 

Mirragen, while showing some capacity for biofilm reduction, did not demonstrate 

high levels of eradication across the tested species. GL1605 achieved a remarkable 100% 

eradication rate across all species, highlighting its potential as a highly effective biofilm-

eradicating agent. This level of efficacy suggests that GL1605 may possess a 

multifaceted mechanism of action capable of targeting and dismantling the biofilm 

matrix, penetrating the EPS, and killing the cells within. Such a broad-spectrum activity 

could revolutionize the treatment of biofilm-related infections, particularly in medical 

device-related infections where biofilms are a frequent cause of chronic infections and 

treatment failures.  

     The assessment of biofilm structural parameters is essential for evaluating the 

effectiveness of the materials. The structural complexity and physical parameters of 

biofilms are key factors in their mechanical stability and resistance to treatment. An 

antibiofilm agents that can reduce these parameters are likely to compromise the 

structural integrity of the biofilm, making it more amenable to physical removal or 

clearance by physiological processes. Moreover, assessing the viability of bacteria within 

the biofilm is equally important. Viable bacteria are the drivers of biofilm persistence and 

the spread of infection. They are responsible for the production of EPS, which fortifies 

the biofilm and facilitates the attachment and accumulation of more bacterial cells. 

Therefore, an antibiofilm agent that effectively reduces the viability of these cells will not 

only inhibit biofilm growth but may also facilitate the disruption of established biofilms. 

Assessing the structural parameters of biofilm volume and thickness alongside the 
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 proportions of viable and dead bacteria within the biofilm offers a holistic view of an 

antibiofilm agent's efficacy. This comprehensive analysis is crucial for the development 

of more effective treatments against biofilm-associated infections, which are among the 

most challenging to treat due to their inherent resistance and resilience. 

     The significant antibiofilm effects observed with the GL1605 treatment across 

various bacterial species can be ascribed to its copper and zinc dopants. Copper and zinc 

are transition metals known for their antimicrobial properties, and their inclusion in BGG 

offers a multifaceted approach to combating biofilm formation and persistence. Copper 

ions possess potent biocidal properties and have been shown to induce oxidative stress in 

bacterial cells, leading to the generation of reactive oxygen species (ROS) which can 

cause widespread damage to nucleic acids, proteins, and lipids (30). The high affinity of 

copper for thiol groups in proteins can disrupt enzyme function and impair cellular 

metabolism. This oxidative damage to essential biomolecules can culminate in cell death, 

thus explaining the substantial reduction in viable cells within biofilms treated with 

GL1605 (31). One study indicated that mesoporous bioactive glass (MBG) with a 2 mol 

% copper composition was successful in curbing the proliferation of bacteria. 

Additionally, this copper-enhanced MBG hindered the establishment of biofilms by S. 

epidermidis and promoted their disintegration (32). These observations align with similar 

research, which corroborates the antimicrobial effectiveness of copper in preventing both 

bacterial propagation and biofilm formation, making it a viable substitute for traditional 

antibiotic-based systemic treatments (33, 34). 

     Zinc also exhibits antimicrobial activity, potentially through a variety of 

mechanisms. One such mechanism is the ability of zinc ions to disrupt bacterial 
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 membrane integrity, leading to increased permeability and eventual cell lysis. Zinc may 

also bind to and interfere with the function of vital bacterial proteins, including enzymes 

involved in DNA replication and repair (35). Furthermore, zinc has been implicated in 

the inhibition of quorum sensing, the communication system that bacteria use to 

coordinate gene expression, including genes responsible for biofilm formation and 

maintenance (36). A recent study noted that zinc-enhanced BBGs compositions 

demonstrated a consistent ability to inhibit both gram-positive and gram-negative 

bacterial strains. The initial hours of testing exhibited significant inhibition for both types 

of bacteria, with the effect intensifying over time. Specifically, within the first 4 hours, 

the BBG with 1 mol % zinc doping exhibited a more potent inhibitory effect (37). 

     Moreover, the copper and zinc dopants could be altering the local pH or metal ion 

concentrations within the biofilm environment, further stressing the bacterial cells and 

impairing their ability to adapt or survive. The transition metals might also compete with 

essential metal ions like magnesium and calcium that are critical for biofilm structure, 

thereby destabilizing the biofilm architecture. The synergy between copper and zinc 

dopants in GL1605 could be crucial for its enhanced antibiofilm activity. This 

combination may lead to a dual mode of action where copper induces oxidative stress and 

zinc disrupts membrane and protein function. Additionally, both metals could be 

interfering with biofilm matrix components, such as extracellular polymeric substances 

(EPS), which provide structural integrity and protection to the biofilm. Disruption of the 

EPS matrix would expose bacterial cells to antimicrobial agents and the host immune 

system. 
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      It is also important to consider the potential for resistance development against 

metal-based antimicrobials. While bacteria can evolve resistance to organic antibiotics 

through relatively simple genetic mutations, developing resistance to metal ions is often 

more complex and energetically costly, as it may require multiple genetic and metabolic 

changes. This complexity can render the development of resistance to metal-based 

antimicrobials like GL1605 more challenging for bacteria, potentially leading to a longer-

lasting efficacy of such treatments. Exploring the potential resistance development 

against GL1605 will be essential for its sustainable use as an anti-biofilm agent in clinical 

settings 

     Given these observations, a detailed molecular analysis is also needed to further 

elucidate the mechanisms by which these materials exert their antibiofilm effects. Such 

an analysis could involve examining the interaction between the metal ions and bacterial 

cells, characterizing the ion release profiles, and understanding how these ions affect 

bacterial viability and biofilm architecture at the molecular level. Additionally, it would 

be beneficial to investigate the potential synergistic effects of the material matrix with the 

metal ions, which could provide insights into how to enhance the antibacterial properties 

of enhanced BBGs. This knowledge could drive the development of more effective 

treatments for wound infections, particularly those complicated by the presence of 

resilient biofilms. 
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 4. MATERIALS AND METHODS 

Bacterial strains:  Bacterial strains were obtained from the American Type Culture 

Collection (ATCC) and included Staphylococcus epidermidis ATCC 6538, Pseudomonas 

aeruginosa ATCC 27853, Escherichia coli ATCC 9637. Bacteria were grown on TSA 

plates for 24 h at 37 C under agitation in a 120 rpm orbital shaker. Each bacterial strain 

was grown in TSB at 37 C for 24 h. Overnight cultures were in TSB to maintain 

approximately 108 cells/mL.  

Biofilm formation:  Polycarbonate coupons with a 6mm diameter were used as 

substrates for biofilm formation. Overnight bacterial cultures were suspended in TSB to 

obtain a final density of 108 CFU/mL. Each bacterial suspension was added to a 24-well 

polystyrene plate containing the polycarbonate coupons which were then rinsed three 

times with PBS to remove planktonic bacteria. Prior to testing, all bacterial strains were 

assessed for their biofilm formation ability with the crystal violet assay using a 

GENESYS 103 UV-Vis spectrophotometer.   

Bioactive glass treatment:  Polycarbonate coupons with pre-formed biofilms were 

placed in a new, sterile well plate containing stimulated body fluid (SBF). Bioactive glass 

-3 punches of 6mm diameter- was added to the plates, and glass wool was added for the 

negative controls. The biofilm amount was evaluated after 48 h and 72 h of incubation for 

BBG direct and indirect treatment respectively.   

Scanning electron microscopy (SEM):  A Helios 4 Hydra CX DualBeaM SEM was 

used to visualize biofilm morphological changes after treatment. Polycarbonate coupons 

were fixed, dehydrated, and golf sputter coated. The coupons were mounted on pin stubs 
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 and placed on the SEM sample holder, and the same orientation was used for all samples. 

Images were taken at x2500 magnification for analysis. Fiji (distribution of the ImageJ 

software, US National Institutes of Health, Bethesda, Maryland, USA) was used to the 

images rendered into 250 nm pixel size. Biofilm surfaces were segmented using a 

collection of machine-learning algorithms for segmentation. For post-processing, noisy 

objects were removed from the segmented images, and the remaining percentage of the 

surface was calculated using the following formula (28): 

 

Biofilm remaining= !"#!	%&	'(%&()*	!&+#"	"#*%,!)	
!"#!	%&	'(%&()*	'#&%"#	"#*%,!)	

× 100 

 

Confocal laser scanning microscopy (CLSM): Biofilms were stained with a 

fluorescent stain (L13152 LIVE/DEAD BacLightTM Bacterial Viability Kit; Invitrogen) 

according to the instructions of the manufacturer. This kit contains a mixture of two dyes: 

SYTO9 (green stain) for staining live bacteria and propidium iodide (red stain) for 

staining dead bacteria. Stained discs were incubated for 15 min at room temperature in 

the dark, and coverslips were placed on the specimens to minimize air contact. Biofilms 

were gently washed to remove dyes. Stained biofilms were examined using a confocal 

microscope. Confocal imaging was performed using 20X long working distance objective 

magnification on a Nikon A1R-HD Confocal Microscope (Eclipse Ti2). Images from 9 

random fields were acquired from a sequential optical section of 2um along the z-axis 

over the entire biofilm thickness. The resulting image stacks were rendered into 3D 

modes using image analysis software (Imaris 7.2.3, Bitplane, Zurich, Switzerland) as well 

as Image J. The Biofilm-covered Area % (BCA%) was calculated by differentiating areas 
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 that are covered and uncovered by biofilms. Then, the antiseptic biofilm eradication 

percentage (ABE%) was calculated using the following formula (38):  

 

ABE %= BCA non-treated biofilm − 
12	34	5678579	:;34;<=	

12	34	>3>?5678579	:;34;<=		
 × BCA treated biofilm 

 

Statistical analysis:  Experiments were performed in three replicates, and all results are 

expressed as the mean±SD. A standard two-way ANOVA with post-hoc testing was used 

to examine the differences in pairwise comparisons for biofilm inhibition. FDR-adjusted 

alpha levels were used to assess significant p-values. 
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 SECTION 

2. MULTI-SPECIES BIOFILMS 

Bacteria within biofilms exhibit a high degree of genomic plasticity and diversity, 

often facilitated by horizontal gene transfer [21, 22]. This genetic exchange is optimized 

within biofilms due to their close spatial arrangement and sophisticated quorum sensing 

systems. The result is a rich gene pool from which bacteria can draw, allowing individual 

members to expend less energy maintaining their genomic repertoire while ensuring 

collective access to a comprehensive set of genetic tools for survival and virulence. 

Polymicrobial biofilms benefit from numerous synergistic interactions, such as passive 

resistance, where resistant strains can shield sensitive ones, and metabolic cooperation, 

where the waste products of one organism can serve as nutrients for another [23, 24]. 

These synergies not only enhance the survival of the biofilm but also contribute to its 

pathogenicity. Therefore, this study also displayed the effectiveness of direct and indirect 

application of copper and zinc-enhanced BBGs on polymicrobial biofilms grown 

statically and dynamically. Results demonstrated the effectiveness of the enhanced BBGs 

after 48 hours and 72 hours when applied directly and indirectly respectively. Dynamic 

biofilms were more persistent compared to static biofilms, requiring more time in contact 

with the enhanced BBG to achieve a bactericidal effect.  
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 2.1. STATIC BIOFILMS  

The anti-biofilm effectiveness of BBGs on polymicrobial biofilms.  
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 2.2. DYNAMIC BIOFILMS  

The anti-biofilm effectiveness of BBGs on polymicrobial biofilms.  
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 3. CONCLUSIONS 

The antibacterial/antibiofilm efficacy of the copper and zinc-doped BBG (GL1605) 

has provided substantial evidence of its potent activity against clinically relevant bacterial 

species: S. epidermidis, E. coli, and P. aeruginosa. The bactericidal properties of GL1605 

were systematically evaluated against severe preformed static and dynamic. Direct 

application of the GL1605 on Static biofilms exhibited a bactericidal effect within 48 

hours, while indirect application achieved a similar effect after 72 hours. In the dynamic 

preformed biofilms, the direct application resulted in a bactericidal effect at 72 hours, 

extending to 96 hours for indirect application. SEM and CLSM analyses were employed 

to corroborate these findings, indicating disrupted biofilm integrity and decreased 

bacterial density. The antibiofilm effectiveness of the GL1605 was further investigated 

against polymicrobial biofilms. Biofilms where P. aeruginosa was present, some 

persistence was observed. However, a bactericidal effect was achieved after 96 hours, 

suggesting a species-specific interaction that may affect the kinetics of biofilm 

eradication. In contrast, the undoped BBG variant (Mirragen) exhibited only limited 

bacteriostatic effects after an extended period, which suggests that the doped ions of 

copper and zinc are instrumental in mediating the observed antibiofilm action in GL1605. 

The pH modulation effects of the BBGs were also examined. Although shifts in pH were 

observed, they do not appear to be the principal mechanism behind the observed 

antibiofilm properties. However, it can possibly have some effects. A crucial finding of 

this study is the apparent linear relationship between the dissolution kinetics of the 

copper and zinc ions and the antibiofilm effectiveness of the GL1605. Future studies 
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 should aim to delineate the genetic and molecular mechanisms through which copper and 

zinc ions exert their antibiofilm effects. A deeper understanding of these pathways will be 

pivotal in the optimization of BBG formulations and may reveal new strategies for 

managing nosocomial infections.  
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