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Editorial on the Research Topic 


Emerging strategies in combatting and managing bacterial biofilms


Numerous microbes use biofilm formation as a mean of survival. Biofilms are multicellular communities in which microorganisms are encased in a protective matrix that enables them to endure challenging environments and resist traditional therapies. The widespread existence of biofilm-forming bacteria in various settings, including healthcare facilities, is made possible by their capacity to colonize a variety of biotic and abiotic surfaces. They pose a serious threat to human health because they can develop increasing resistance to traditional antibiotics and spread morbidity through both device- and non-device (tissue)-associated infections, as reviewed by Zhao et al. This microbial phenotype consequently became a significant concern in several fields, including public health and medicine.

Biofilms are involved in the pathogenicity of infectious diseases as well as the establishment of healthy microbiomes. Many bacterial species within the gut microbiome grow as biofilms, and disease outcome is greatly impacted by the location of the biofilms within the gastrointestinal tract (Miller et al., 2021). Hammouda et al. reported that hormonal drugs affect biofilm formation by selected gut microbiota such as Bifidobacterium longum, Limosilactobacillus reuteri, Bacteroides fragilis, and Escherichia coli, representing the four main phyla in the gut. Despite increasing the adhesion of L. reuteri to Caco-2/HT-29 cell line coculture, progesterone inhibited the biofilm development of the Gram-positive bacteria. In contrast, it increased the ability of Gram-negative bacteria to form biofilms and increased the adherence of B. fragilis to the cell lines coculture. Both estradiol and thyroxine displayed antibiofilm activity against L. reuteri. In the meantime, thyroxine boosted the capacity of E. coli to develop a biofilm.

The implication of biofilm-related multi-drug resistance (MDR) in hospital-acquired infections is a significant issue with increased rates of patient mortality and morbidity as well as economic burden, including high healthcare expenses and extended hospital stays (Assefa and Amare, 2022). Hu et al. reported the ability of the emerging opportunistic nosocomial pathogen Elizabethkingia anophelis to form biofilms. MDR phenotype was also exhibited by all isolates. The authors concluded that biofilm development and antibiotic resistance in E. anophelis are positively correlated. Such findings will provide the groundwork for future advancements in therapeutic approaches against E. anophelis infections. Due to its uncertain mechanism of antibiotic resistance and high mortality rate among nosocomial isolates, E. anophelis can be a serious concern to clinicians (Lin et al., 2019).

Another emerging opportunistic pathogen is Brevundimonas spp., which is reclassified from Pseudomonas spp. (Segers et al., 1994). Gricajeva et al. reported that the biofilm formed by this genus was responsive to treatment by antimicrobial inactivation using natural photosensitizers such as riboflavin (RF) and chlorophyllin (Chl). Importantly, this approach provides a new treatment strategy that does not drive resistance in treated microbial cells (Kashef and Hamblin, 2017).

Another nosocomial pathogen is Acinetobacter bumannii which is known for its high resistance and biofilm formation capacity (Abd El-Rahman et al., 2023; Hamed et al., 2023). A. bumannii was the subject of a study by Kong et al. who found that the dominance of some sequence types of A. baumannii is likely due to resistance to harsh conditions of oxidation, desiccation, and multiple antibiotics rather than their ability to form biofilm, while the non-dominant sequence types were characterized by high biofilm formation.

One approach for reducing the burden of biofilm-associated infections is the search for new and alternative therapies. Between 50-70% of nosocomial infections are caused by biofilm formation on implanted medical devices such as central venous catheters (CVCs) (Asker et al., 2021). Researchers have been looking for novel ways to develop biofilm-free implants via antibiofilm coating and impregnating devices with antibiofilm chemicals (Amer et al., 2022) as well as modifying the implant materials (Gayani et al., 2021). An et al. studied the impact of zinc dimethacrylate (ZDMA) modification of the polymethyl methacrylate (PMMA) denture base resin on its cytotoxic and antifungal activities as well as its surface and physicochemical properties. They confirmed that the ZDMA-modified PMMA showed higher thermal stability, surface hydrophilicity, and surface roughness without enhancing the adhesion of microbes. Additionally, it demonstrated strong antifungal action without causing any negative cellular consequences.

The influence of different surface modifications of implant materials based on cobalt–chromium–molybdenum (CoCrMo) on biofilms was studied by Paulitsch-Fuchs et al., where they compared three smooth surfaces (CoCrMo, CoCrMo polished, and CoCrMo TiN) and three rough surfaces (CoCrMo cpTi, CoCrMo porous coated, and CoCrMo TCP) to the unmodified base alloy. The authors found a relationship between surface roughness and biofilm structure, including proteins, polysaccharides, as wells as expression of biofilm-associated genes. Among all proposed surface modifications, the authors attributed the best performance in reducing biofilms to CoCrMo TiN and polished CoCrMo.

Amer et al. produced a potent biosurfactant from an endophytic Bacillus amyloliquefaciens that inhabited the Nile Papyrus. The biosurfactant showed promising antibacterial and antibiofilm activity against MDR global clones of A. baumannii. Up to 89.59% reduction in biofilm formation was achieved using sub-MICs of the extract. The potential of the biosurfactant to eradicate A. baumannii biofilms at concentrations equivalent to its MIC was also demonstrated by up to 87.3% biomass reduction. Three log10 reductions in the viable adherent bacterial count were achieved in a biosurfactant-impregnated CVC model. The authors linked this biosurfactant activity to several compounds explored by GC-MS analysis of the crude extract. The biosurfactant was hence, proposed as a potential strategy for reducing the burden of catheter-related blood stream infections (CRBSIs).

Early intervention is the key to reducing the clinical burden of biofilm-related infections, which can be facilitated by the early detection of biofilms. As biofilm detection is particularly challenging, innovative sensing, tracking, and diagnostic technologies are needed. The potential application of the BioFilm Ring Test (BRT)® in the diagnosis of biofilm-associated Pseudomonas respiratory infections was evaluated by Fernández-Barat et al. For this purpose, mucoid and nonmucoid Pseudomonas aeruginosa were recovered from the sputa of patients with bronchiectasis. The biofilm production index (BPI) of the isolates was determined using BRT at 5 and 24 hours. The authors concluded that the capacity of bacteria to form biofilms can be successfully determined using BRT in just five hours, and hence the test may be incorporated into clinical practise for the diagnosis of biofilm-related infections. Another application evaluated by the authors was the determination of the mucoid phenotype of P. aeruginosa. A BPI of less than 14.75 successfully predicted the mucoid phenotype at 5 h, but with low sensitivity and specificity (64% and 72%, respectively). A correlation between ciprofloxacin resistance and low BPI was also established by the authors, who recommended further investigation into the use of BRT to predict ciprofloxacin resistance.

To summarise, the contributions of these strategies in combatting and managing bacterial biofilms provide novel insights as well as potential therapeutic and preventive approaches that can be utilised in multiple clinical applications. The Research Topic is certainly of special interest to clinicians, dentists, and implant surgeons.
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Periprosthetic infections are an eminent factor in patient care and also having significant economic implications. The number of biofilm-infection related replacement surgeries is increasing and will continue to do so in the following decades. To reduce both the health burden of the patients and the costs to the healthcare sector, new solutions for implant materials resistant to such infections are necessary. This study researches different surface modifications of cobalt–chromium–molybdenum (CoCrMo) based implant materials and their influence on the development of biofilms. Three smooth surfaces (CoCrMo, CoCrMo TiN, and CoCrMo polished) and three rough surfaces (CoCrMo porous coated, CoCrMo cpTi, and CoCrMo TCP) are compared. The most common infectious agents in periprosthetic infections are Staphylococcus aureus and Coagulase-negative staphylococci (e.g., Staphylococcus epidermidis), therefore strains of these two species have been chosen as model organisms. Biofilms were grown on material disks for 48 h and cell number, polysaccharide content, and protein contend of the biofilms were measured. Additionally, regulation of genes involved in early biofilm development (S. aureus icaA, icaC, fnbA, fnbB, clfB, atl; S. epidermidis atlE, aap) was detected using RT-q-PCR. All results were compared to the base alloy without modifications. The results show a correlation between the surface roughness and the protein and polysaccharide content of biofilm structures and also the gene expression of the biofilms grown on the different surface modifications. This is supported by the significantly different protein and polysaccharide contents of the biofilms associated with rough and smooth surface types. Additionally, early phase biofilm genes (particularly icaA, icaC, and aap) are statistically significantly downregulated compared to the control at 48 h on rough surfaces. CoCrMo TiN and polished CoCrMo were the two smooth surface modifications which performed best on the basis of low biofilm content.
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Introduction

Due to a general increase in life expectancy, improved surgical techniques and medical care, the demand for implants (e.g., joint replacement prosthesis) has increased greatly over recent decades. Although new materials or surface modifications for implants are constantly being developed, the struggle with periprosthetic infections is far from coming to an end. As an example, predictions for the US (compared to 2014) and Germany (compared to 2016) show an increase in primary total knee arthroplasty (TKA) by 2030 from 680,000 by 147% (Sloan et al., 2018) and from ~170,000 by between 8 and 49% (Rupp et al., 2020), respectively. Periprosthetic infections have an incidence of approximately 1–4% after primary TKA (Phillips et al., 2006). The incidence rate for a periprosthetic infection following a TKA replacement has been reported to be approximately 0.5% after 1 year, 0.8% after 5 years, and 1.4% after10 years (Tsaras et al., 2012), with cost per patient associated with TKA replacement of up to ~30,000 USD (Palsis et al., 2018).

Those periprosthetic infections can be caused by a number of different organisms, most of which are bacteria. In most cases a bacterial infection forms a biofilm on the surface of the implant which makes it even harder to treat. In a 2020 literature review on the topic of biofilms in periprosthetic infections Shoji and Chen (2020) reported a prevalence of Staphylococcus aureus in such infections of 21–43.6% followed by 20–31% Coagulase-negative Staphylococcus. Biofilm building Staphylococcus species have a large number of attributes allowing them to avoid host defenses and antibiotic treatments. The extracellular polymeric substances (EPS), also called extracellular matrix (ECM), build a physical barrier for transport of chemicals (Singh et al., 2010; Idrees et al., 2021) and immune-cells (Zimmerli et al., 1984) and hold the biofilm structure together. In addition, quorum sensing (Kavanaugh and Horswill, 2016; Kim et al., 2017), higher mutation frequencies (Ryder et al., 2012), and dormant cells (Venter et al., 2017; Lamret et al., 2020; Shoji and Chen, 2020) contribute to the pathogenicity of those strains.

Because treatment of already established biofilms is so difficult, the development of surfaces which are less favorable for the bacteria to attach to in the first place is an ongoing research topic. Cobalt–chromium–molybdenum (CoCrMo) based implants are regularly used not only for total joint replacement but also in dentistry (Chen and Thouas, 2015). The CoCrMo alloy has excellent biocompatibility and mechanical properties, which makes it the preferred material for knee and ankle replacements (Chen and Thouas, 2015). Physical and chemical surface modifications of metallic implant materials aim to improve their surface charge, wettability, topography and chemistry (Munir et al., 2020) in order to improve their osseointegration abilities and in the same time lessen the number of biofilm infections. These modifications can be achieved by mechanical treatment of the surfaces like polishing processes and numerous coating methods like plasma spraying, physical vapor deposition, cathodic arc deposition, and sintering (Munir et al., 2020). For this study five surface modifications have been applied to a casted CoCrMo base alloy: titanium nitride (TiN), mechanical polishing, porous coating, commercially pure titanium coating (cpTi), and a coating with tricalcium phosphate (TCP). Two bacterial species, S. aureus and S. epidermidis, were used as model organisms to monitor biofilm development after 48 h of incubation on the different alloy surfaces. Total cell count, protein and polysaccharide content of the biofilms were measured and data on biofilm associated gene expression was collected. The aim of the study is to understand the influence of the different CoCrMo surface modifications on the biofilm formation of S. aureus and S. epidermidis.



Material and Methods


CoCrMo Surface Modifications

All materials tested in this study were manufactured by Implantcast GmbH (Buxtehude, Germany) and were produced in a disc shape with a thickness of 1 mm and a diameter of 14 mm using a precision casting process. Gamma irradiation was used for sterilizing all materials described hereafter. Special coatings were produced and applied by DOT Ltd (Rostock, Germany). The CoCroMo casting alloy is composed of 28.5–29.5% Cr, 5.75–6.25% Mo, less than 1% each of Ni, Fe, C, Si, Mn, W, P, N, Al, Ti; and Co (~61–64%) making up the balance. This lies well within the specifications for this material given by the ISO 5832-3 for CoCrMo casting alloy for surgical implants (ISO 5832-3, 2016). Mechanical properties of the base CoCrMo alloy were tested according to ISO 6892-1 (2019) and are given as: tensile yield point Rp0.2 ≥450 megapascal (MPa), tensile strength Rm ≥665 MPa and elongation at fracture A ≥8%. Titanium nitride (TiN) modified alloy surfaces show better properties in terms of biocompatibility, wettability, surface roughness, friction coefficient, corrosion resistance, minimized wear and increased temperature resistance; the TiN coating also leads to a reduced release of cobalt and chromium ions (Van Hove et al., 2015; Thomas et al., 2016). The coating of the discs was achieved by cathodic arc deposition. This technique is frequently used to synthesize extremely hard films for protecting the surfaces of materials. For the deposition a TiN target with ~99.4% titanium and less than 0.25% each of Fe, O, C, N and H (all according to ISO 5832-2 (2018)). The coating thickness was 5.5 ± 1.5 µm, the adhesive tensile strength ≥22 MPa and the layer roughness <0.05 µm. On top of the TiN layer an additional layer of ≥0.02 µm gold and cobalt (AuCo; with a maximum percentage of 0.2 ± 0.02% cobalt) was applied using a PVD-DC-Magnetron sputter. The density of the AuCo layer was 19.32 g/cm3, the specific electrical resistance was 2.35 µΩ • cm and the tensile strength is sufficient to prevent delamination of the coating when using an adhesive film strip-test. Highly polished CoCrMo alloys are commonly used, where the increased surface smoothness is associated with improved corrosion and wear properties (Davis, 2003). The porous coating was applied on the base material using sintering. In this process three layers of 250–355 µm diameter balls were applied on the material discs resulting in a coating thickness of 700–1,060 µm. Porosity of the coating was 30–40%, its tensile strength ≥34.5 MPa and its shear strength ≥20 MPa. The porous structure allows bone cells to “penetrate” into the implant, leading to a reduced rejection reaction. However, these pores also provide the bacterial cells with an increased surface area for adherence (Shoji and Chen, 2020; Idrees et al., 2021). The commercially pure titanium (cpTi) coating with a layer thickness of 300 ± 50 µm was sprayed onto the disc surfaces using a vacuum plasma spray (VPS). The resulting coating had a porosity of 30 ± 10%, an average roughness of 50 ± 15 µm, a tensile strength of ≥22 MPa and a shear strength of ≥20 MPa. cpTi covered materials show an improved osteogenic differentiation potential (Lohberger et al., 2020a), since the given porous upper layer in combination with the increase in surface energy offers the bone cells an optimal structure for adhesion (Geetha et al., 2009). Tricalcium phosphate coating (TCP, Bonit®) led to a deposited layer of 20 ± 10 µm thickness and to a tensile strength of ≥15 MPa (ISO 13779-2, 2018). TCP consist of 70% brushite (CaHPO42•H2O) and 30% hydroxyapatite (Ca5(PO4)3OH). The calcium phosphate provides an advantage for osteoinduction to its surface as its bioactivity is highly similar to that of bone material and it thus facilitates improved cell growth and cytocompatibility (Dantas et al., 2018).



Scanning Electron Microscopy (SEM)

SEM investigations were performed on a FEI Quanta 250 FEG (Thermo Fisher Scientific, Hillsboro, OR) under high vacuum conditions and 20 kV high tension. The micrographs were recorded in secondary electron (SE) mode with the Everhart–Thornley detector. The disc surfaces of the material were sputter coated with a gold layer (10 nm) to provide adequate electrical conductivity. The energy-dispersive X-ray spectroscopy (EDX) data collection measurements took 60 s each at 20 kV high tension and a Spotsize of 4.5 with a 30 mm² Octane Elect Plus Silicon Drift Detector (EDAX Ametek, NJ, USA) and the APEX Standard Software (V1.3.1, 07/2019) was used.



Bacterial Cultures

For each experimental run, one overnight culture was prepared for each S. aureus subsp. aureus strain Newman D2C (ATCC 25904, Wesel, Germany; also referred to as NCTC 10833 or S. aureus subsp. aureus Rosenbach) and S. epidermidis (ATCC 14990, Wesel, Germany; also referred to as NCTC 11047). Luria–Bertani broth (LB broth) containing 10 g/L tryptone, 5 g/L yeast extract (both Carl Roth), and 5 g/L sodium chloride (Merck, Darmstadt, Germany) was used as growth medium. Per strain one CRYOBANK® pearl (MAST Group, Reinfeld, Germany) was inoculated into 100 ml LB and cultures were incubated at 37°C at 90 rpm.



Biofilm Assay

The material discs (4 discs per material, all 6 materials) were placed in 24-well untreated clear polystyrene plates (Corning®, Wiesbaden, Germany) as shown in Figure 1. The bacterial cells from the overnight culture were distributed into 1.5 ml Eppendorf tubes and collected by centrifugation (14,000 rpm, 2 min). The supernatant was discarded and the cells where resuspended and washed in 1.5 ml of phosphate buffered solution (PBS). Cells were centrifuged again (14,000 rpm, 2 min) and then freshly inoculated into LB broth. The cell number was adjusted to 1.5 × 108 CFU/ml in LB broth and 1.5 ml of the adjusted cell solution was added to each well. The plate was then sealed with a Breathe Easy® sealing membrane (Merck, Darmstadt, Germany) and incubated for 48 h at 37°C and 90 rpm. A total of 4 discs per material and species were prepared for each of the 21 experimental runs (biological replicates). Growth controls (bacteria without discs) and sterile controls (sterile LB media on material discs) were run in parallel for every experimental run.




Figure 1 | Cell culture plate with the different alloy discs.





Biofilm Processing

For the collection of the samples the medium was first gently removed without disturbing the biofilm and 1.5 ml PBS was added into each well. The discs were picked up using tweezers, shaken within the PBS and the biofilm from all sides of the disk was scraped into a fresh PBS filled well with a mini cell scraper (Biotium, Freemont, CA, USA). At the end of the process the scraper was vigorously rotated in the well to ensure that no biofilm residues remained on the scraper. The content of two wells per material was pooled in a 3.5 ml tube and vortexed until no biofilm parts were visible. This step took up to 30 min on the vortexer in continuous mode and random samples were checked microscopically to ensure that there were no more biofilm parts in the samples before further processing. The growth controls were re-suspended in the medium and then transferred into 3.5 ml tubes; the sterile controls were also pipetted into the individual collection tubes directly. The resulting 3 ml sample volume (per biofilm pool and controls) was divided to provide the volumes needed for the four different measurement protocols (see below). Samples for genetic analysis were frozen at −80°C until further processing, all protein and polysaccharide samples were stored in the fridge at 4°C for no longer than 24 h before analysis, flow cytometry was performed directly after biofilm processing and samples were kept at 4°C until loading onto the instrument.



Polysaccharide Quantification

Polysaccharides of the total biofilm were quantified using an adapted version of an sulfuric acid phenol extraction method (Cuesta et al., 2003). Approximately 250 µl of each sample, 250 µl 99.5% phenol, and 750 µl 95–98% sulfuric acid were added to heat-resistant glass tubes, sealed with aluminum foil (not air tight) and vortexed for at least 20 s. Incubation took place in a water bath at 100°C for 10 min. In an additional water bath samples were cooled to 25°C, vortexed again and 250 µl was transferred into uncoated U-bottom 96-well plates (BRAND®, Sigma-Aldrich, Darmstadt, Germany). Absorbance was read at 490 nm in the Multiskan Sky Microplate Spectrophotometer (Thermo Fisher Scientific). Each sample was measured twice and the statistical mean was compared to a standard glucose curve (Merck; 0–1.5 µg/ml).



Protein Quantification

The ‘Pierce ™ BCA Protein Assay Kit’ (Thermo Fisher Scientific, Waltham, MA, USA) was used to measure the total protein content of the biofilms. The 562 nm absorbance values of the samples (25 µl sample in 200 µl working reagent from the kit) in uncoated U-bottom 96-well plate were read on a Multiskan Sky Microplate Spectrophotometer. Each sample was measured twice. The standard curve was prepared with bovine serum albumin (BSA, supplied with the BCA kit; 0–2,000 µg/ml, Thermo Fisher Scientific, Waltham, MA, USA) and the arithmetic mean of the duplicate measurement was compared to the curve.



Live Dead Assay

Flow cytometric cell counts were performed applying the ‘LIVE/DEAD® BacLightTM Viability Kit (Invitrogen, Carlsbad, CA, USA) for microscopy and quantitative assays’. The Syto9® and propidium iodide dye mixes were freshly prepared for each measurement in a ratio of 1:1. Per sample, 1 ml was stained with 1 µl of the dye mixture and incubated in the dark for 15 min at room temperature and 100 µl per sample were analyzed on a Cyflow® Cube 6 flow cytometer (Sysmex Europe GmbH, Norderstedt, Germany). The flow rate was set at 2 µl/s and a 488 nm laser was used. All samples were measured twice and to avoid signal carryover, cleaning was performed between all measurements.



Statistics

SPSS (IBM, version 25) was used for statistical analyses of protein, polysaccharide, and flow cytometry data. The data was found to be non-Gaussian (Kolmogorov–Smirnov test with Lilliefors correction). Consequently, the Kruskal–Wallis H test was applied. Statistical differences were tested in a pairwise comparison format and the Bonferroni correction for the Kruskal–Wallis test was used.



RNA Isolation

RNA from the samples of three independent experimental runs (3 biological replicates) was extracted with the Monarch® Total RNA Miniprep Kit (New England BioLabs, Ipswich, MA, USA). The enzymatic approach step of the manufacturer’s protocol was adapted: additionally, 0.1 mg/ml lysostaphin (Sigma-Aldrich, Darmstadt, Germany) was added to the 3 mg/ml lysozyme which was provided with the kit. Samples were incubated for 25 min at 350 rpm at 37°C before carrying out the rest of the protocol according to the guidelines. Final elution volume was 30 µl per sample.



RT-qPCR

Using the iScript cDNA Synthesis Kit (BioRad Laboratories Inc., Veenendal, The Netherlands) 1 µg RNA was reverse-transcribed with a mixture of oligo (dT) and random hexamer primers. The samples were amplified with the SsoAdvanced Universal SYBR Green Supermix and subsequently measured on a CFX96 Touch (BioRad Laboratories Inc.), as described elsewhere (Lohberger et al., 2020b). A standard 3-step PCR temperature protocol was used with an annealing temperature of 60°C followed by a melting curve protocol to confirm a single gene-specific peak and to detect primer dimerization. The ΔΔCt method was applied for the calculation of the relative quantification of expression levels by means of the geometric mean of the internal control (16s rRNA gene for S. aureus and also for S. epidermidis; for primer sequences see Table 1). The expression levels (Ct) of the target genes were normalized to the reference genes (ΔCt). The ΔΔCt value was calculated using the difference between the ΔCt value of the test sample and the ΔCt of the control sample. The final expression ratio was expressed as 2ΔΔCt (Livak and Schmittgen, 2001). Primers used for RT-qPCR were purchased from Eurofins Genomics (Ebersberg, Germany) and primer sequences are listed in Table 1.


Table 1 | Primes used in RT-q-PCR.






Results


Material Surface Characteristics

The surface characteristics of the different modifications to the CoCrMo alloy discs have been studied using both SEM and EDX analyses. The topographic characteristics of materials are well known to have a substantial influence on the adhesive properties of bacterial cells and therefore the microscopic investigation is helpful for understanding the data collected in this study. While the base alloy CoCrMo without modifications shows a rather smooth surface at ×100 magnification (Figure 2A), a closer look (×10,000, Figure 2A inlay) reveals only some cracks and some unevenness and the surface modification with TiN and the polished surface are even smoother. However, the porous coated surface and the cpTi and TCP covered surfaces show very distinct topographic characteristics. While the porous coated surface consists of a thick layer of evenly distributed (Figure 2D) and rather smooth balls (surface of the ball in the inlay of Figure 2D), the cpTi layer is rougher (Figure 2E) and the higher magnification also reveals that this characteristic is also true at the small µm range (inlay Figure 2E). Very distinctly different from the rest, the TCP layer forms sharp crystalline structures protruding from the alloy surface (Figure 2F). Looking at the surface characteristics, the surfaces can be categorized as either smooth (CoCrMo, CoCrMo TiN, and CoCrMo polished) or rough (CoCrMo porous coated, CoCrMo cpTi, and CoCrMo TCP).




Figure 2 | Scanning electron microphotographs of CoCrMo and the different surface modifications. Magnification factor ×100, and inlays ×10,000. (A) CoCrMo; (B) CoCrMo TiN; (C) CoCrMo polished; (D) CoCrMo porous coated; (E) CoCrMo cpTi, (F) CoCrMo TCP.



The corresponding EDX data supports the material descriptions given in the material and methods section, showing the elemental composition of the materials as spectrograms and in weight and atom percentages (Figures 3A–E; data not available for TCP).




Figure 3 | Energy-dispersive X-ray analysis. Inlay tables showing the elemental composition related to the energy level (K-, L- and M-line). Instrument values are given in panel (A) and apply also to (B–E). (A) CoCrMo; (B) CoCrMo TiN; (C) CoCrMo polished; (D) CoCrMo porous coated; (E) CoCrMo cpTi.





Polysaccharide Content

As all Staphylococci can produce polysaccharides in their EPS when forming biofilms (Arciola et al., 2015), an approach that is often applied is to break the polysaccharides down into monosaccharides and measure the content compared to a glucose standard curve (Cuesta et al., 2003). Following this procedure, we found (Table 2 and Figure 4) that the biofilms grown on the smooth surfaces (CoCrMo, CoCrMo TiN, and CoCrMo polished) show a tendency to form less polysaccharide in their EPS compared to those grown on the rough surfaces (CoCrMo porous coated, CoCrMo cpTi, and CoCrMo TCP). The highest polysaccharide levels for S. aureus were measured in biofilms grown on CoCrMo cpTi discs with a mean value of 5.69 ± 1.5 µg/ml, the lowest values were measured in biofilms from the CoCrMo TiN and the CoCrMo polished discs with 4.15 ± 0.71 µg/ml and ±0.8 µg/ml respectively (Table 2). S. epidermidis biofilms showed the highest polysaccharide values on CoCrMo cpTi (6.21 ± 3.06 µg/ml) and the lowest ones on CoCrMo TiN (4.11 ± 0.78 µg/ml) (Table 2). In both species the polysaccharide content of the biofilms grown on CoCrMo porous coated, CoCrMo cpTi and CoCrMo TCP shows a highly significant difference (p <0.001) compared to that of the CoCrMo alloy itself (Figure 4). Table 3 summarizes all group comparisons (each alloy compared to each) where a clear statistical difference can be seen whenever a smooth surface is compared to a rough surface. One exception here is the comparison of S. epidermidis biofilms on CoCrMo porous coated with biofilms from CoCrMo cpTi surfaces where, in the overall group comparison (adjusted p-value for multiple comparisons), no statistical difference is found (adj. p-value = 0.055). However, if the multiple comparison is disregarded, which is possible in a direct comparison of the two groups in question, the difference becomes significant again (p = 0.004). This leads to the conclusion that the CoCrMo porous coated surface is the best performer (smallest biofilm content) in the rough surface group. Additionally, in the direct comparison of CoCrMo with CoCrMo polished (p = 0.006), a statistically significant difference is also detected, showing a better performance (less polysaccharides) compared with biofilms grown on the polished CoCrMo surface (again no significant difference in the adj. p-value = 0.086). Overall, CoCrMo polished performs the best with respect to polysaccharide formation of biofilms.


Table 2 | Mean, minimum and maximum values and standard deviations (SD; 95% confidence interval) of protein and polysaccharide measurements.






Figure 4 | Polysaccharide concentration of S. aureus (A; n = 42) and S. epidermidis (B; n = 44) biofilms. Statistically significant differences to CoCrMo are marked *** (adjusted significance < 0.001, Bonferroni correction for the Kruskal–Wallis test).




Table 3 | Statistical pairwise comparison of alloys according to the protein and polysaccharide content of the S. aureus and S. epidermidis biofilms.





Protein Content

Proteins in the bacterial EPS function as glue which sticks the biofilms to the surface. Measurements of proteins often employ colorimetric methods using the reduction of Cu2+ to Cu1+ copper ions in alkaline medium and compare the protein content to a bovine serum albumin (BSA) standard. Using a variation of this method (Pierce™ BCA Protein Assay Kit) we found that the highest protein levels in S. aureus occurred in biofilms (namely, EPS and cells) grown on CoCrMo TCP discs with a mean value of 240.08 ± 58.6 µg/ml. The lowest values for S. aureus were measured in biofilms from the CoCrMo polished discs with 96.57 ± 30.8 µg/ml (Table 2). S. epidermidis biofilms showed the highest polysaccharide values on CoCrMo TCP as well (215.51 ± 56.42 µg/ml) and the lowest ones on CoCrMo polished (76.43 ± 30.22 µg/ml) (Table 2). All S. aureus and all S. epidermidis biofilms from rough surfaces (CoCrMo porous coated, CoCrMo cpTi, CoCrMo TCP) have statistically significantly higher protein values (p <0.001) when compared to the base alloy (Figure 5). Again, all smooth surfaces have a statistically significantly better outcome compared to the rough surfaces (Table 3) when comparing them against each other separately. Additionally, in the case of S. aureus, CoCrMo polished and CoCrMo TiN perform statistically significantly better than CoCrMo (p = 0.004 and p = 0.005; meaning lower protein content) in the single comparison of groups (this significance however is not applicable for the multiple comparison; p = 0.058), leading overall to the best performance of CoCrMo polished. For the direct group comparison of S. epidermidis biofilm on CoCrMo compared to CoCrMo polished (less protein) this also applies (p = 0.006; adj p = 0.086). When considering the cpTi rough surfaces and S. aureus, CoCrMo cpTi results in less biofilm protein compared to CoCrMo TCP (p = 0.023; adj p = 0.341).




Figure 5 | Protein concentration of S. aureus (A; n = 42) and S. epidermidis (B; n = 44) biofilms. Statistically significant differences to CoCrMo are marked *** (adjusted significance < 0.001, Bonferroni correction for the Kruskal–Wallis test).





Flow Cytometric Cell Enumeration

Flow cytometric measurements on the samples were meant to show a live-dead count. However, it seems that within 48 h of growth, the dead cell count is negligible which is why the flow cytometry data are only used for cell enumeration. For both species no statistical differences in the number of bacterial cells have been detected (Figure 6).




Figure 6 | Flow cytometry cell counts for S. aureus (A; n = 42) and S. epidermidis (B; n = 44). Subpanel (C) shows a representative measurement of S. aureus on CoCrMo (Reg 2: living cells; Reg 4: dead cells).





RT-qPCR

Many genes are involved in the biofilm development of S. aureus and S. epidermidis. A few of them have been chosen to understand the genetic reaction of both species to the different CoCrMo surfaces. Again, the different surface modifications were statistically compared to the base alloy in terms of gene expression levels of the biofilms harvested after 48 h of development (Figure 7). For S. aureus, icaA, and icaC were selected from the intercellular adhesion group of genes (ica) which is of specific interest for the starting phase in biofilm development. Only CoCrMo TCP showed a significantly decreased level of gene expression for both genes (Figures 7A, B). Looking at the fibronectin binding protein fnbA gene, our data also shows a significantly increased level for CoCrMo TCP biofilms. However, the closely connected fnbB was significantly elevated only in CoCrMo TiN. The clfB (bacterial ligand clumping factor) gene of S. aureus was, with p <0.05, decreased in CoCrMo TCP, whereas the major autolysine gene (atl) showed no significant changes in any of the surface modification biofilms of S. aureus. Of the two genes tested for S. epidermidis, the major autolysine (atlE) also did not show any differences. However, the expression of the aap (accumulation association protein) gene was significantly reduced in CoCrMo porous coated and CoCrMo cpTi, but interestingly, not in the third rough surface modification CoCrMo TCP which showed elevated levels (not significant).




Figure 7 | Expression levels of biofilm-associated genes. S. aureus (A–F; n = 3) and S. epidermidis (G, H; n = 3); error bars show the standard error of the mean; statistically significant differences to CoCrMo are marked * (p <0.05).






Discussion

Biofilm evaluation begins with the organisms chosen for the experiment. S. aureus and S. epidermidis are the most common causes of periprosthetic infections and have therefor been the model organisms for this study. But also, within the S. aureus and S. epidermidis isolates, differences in biofilm forming abilities exist, making it difficult to generalize results. S. aureus Newman has already been used for many studies on biofilm formation (e.g., Johnson et al., 2008; Abraham and Jefferson, 2012; Forson et al., 2020; Inés Molina et al., 2020; Pinto et al., 2020) although it is not considered a very good biofilm forming strain and the same is true for the ica negative S. epidermidis strain (e.g., Stepanovic et al., 2000; Lee et al., 2016; Paduszynska et al., 2019; Di Pilato et al., 2020; Paulitsch-Fuchs et al., 2021). However, the variant of the S. aureus strain used in this study S. aureus Newman D2C is considered to be a relatively good biofilm forming strain (Grundmeier et al., 2004; Tsompanidou et al., 2010; Abraham and Jefferson, 2012; Dauros-Singorenko et al., 2020; Paulitsch-Fuchs et al., 2021). Abraham and Jefferson (2012) showed that the autolysin activity in the Newman D2C variant was low enough to allow the expression of ClfB on the cell surface, which seems to be (at least partly) responsible for the difference in biofilm forming abilities between the two strains. The issue about different S. aureus Newman strains deposited to the reference centers with similar names and therefore leading to seemingly controversial results has also already been pointed out, e.g., by Grundmeier et al. (2004). It also has been shown previously (Dauros-Singorenko et al., 2020) that the D2C Newman strain expresses the agr (accessory gene regulation) quorum sensing system, which would normally mean that the dispersion in biofilms takes place rather easily (Paulander et al., 2018). However the LB medium we used is iron-rich (Abdul-Tehrani et al., 1999) and high iron contents did show a negative influence on agr expression in the hemoglobin study by Dauros-Singorenko et al. (2020), therefore possibly promoting biofilm formation of S. aureus Newman D2C in LB medium. This leads to another main influence on biofilm growth which is the medium used for the experiments. Several studies compared different growth media and their influence on the biofilm formation of S. aureus and other species (Del mar Cendra et al., 2019; Wijesinghe et al., 2019; Zhou et al., 2019; Liu et al., 2020). For example, in one study LB medium showed the second best performance for biofilm formation in Pseudomonas aeruginosa and S. aureus (Zhou et al., 2019), in another study (Del mar Cendra et al., 2019) LB medium also promoted the biofilm growth for S. aureus Newman (although the wildtype strain was used). A variety of differences exist also for LB medium recipes (e.g., supplemented with glucose, higher or lower NaCl content) and most other growth media. Lastly also the number of bacterial cells inoculated for biofilm formation varies greatly in the different studies on this topic. As little as OD550 of 0.10 (~0.015 × 107 cells/ml) (Del mar Cendra et al., 2019) and also higher cell numbers of 1 × 107 CFU/ml (Dauros-Singorenko et al., 2020) and inoculum sizes using 0.5 MacFarland cell suspensions (1.5 × 108 cells/ml) (Wijesinghe et al., 2019) are implemented for biofilm studies. Therefore, the choice of the strains, inoculum size and media used in biofilm studies has to be well thought of.

Although the interaction of biofilms with the respected surfaces they grown on is a key factor as well, still understanding is lacking in some areas of this interaction, e.g., the influence of surface roughness on biofilm development and its connection to the regulation of genes connected to biofilm formation. For an overview and to facilitate this connection, Table 4 provides an overall comparison of protein, polysaccharide and gene expression results.


Table 4 | Overall comparison of the results of protein, polysaccharide and genetic measurements.



The surfaces studied here vary widely in their surface characteristics and structure (see Figure 2), thus providing a good variety of roughness for biofilm formation observations. Both protein and polysaccharide measurements are valuable measurements for the understanding of bacterial adherence and biofilm compactness in later stages of biofilm development. While host-proteins play an important role in the early conditioning of the implant thus strengthening the incorporation of the implant (Wang et al., 2017), proteins of biofilm organisms use the same properties to attach to the material in early biofilm development. Polysaccharides are important surface characteristics of bacterial cells and contribute to EPS development and to the attachment of bacterial cells to surfaces and to each other (Limoli et al., 2015). We show that the surface modifications resulting in rough surfaces (CoCrMo porous coated, CoCrMo cpTi, and CoCrMo TCP) have a higher polysaccharide and protein load in the biofilms than the smooth surfaces (CoCrMo TiN, CoCrMo polished) and the untreated control (CoCrMo). In most cases this is a statistically significant difference and holds for most of the comparisons of the alloys to each other as well (see Table 3). Those results are in accordance with earlier studies on the topic (Öztürk et al., 2007; Yoda et al., 2014; Kunrath et al., 2020; Palka et al., 2020; Paulitsch-Fuchs et al., 2021), supporting the conclusion that the higher surface roughness is beneficial for protein and polysaccharide rich biofilms on the surfaces studied here. However, in a review by Zheng et al. (2021), the influence of surface structures has been recently summarized showing that generally, bacteria tend to attach to surfaces more easily when they have a certain roughness, however there are also some rough surfaces achieving the opposite and also different bacterial species can react in different ways to the same surface.

Biofilm gene regulation did not show particularly big differences between the compared groups. As no RNAlater® or comparable reagent was used to freeze the transcriptome after biofilm removal a shift in the transcriptome might have occurred during the biofilm processing steps. However, as all samples were treated in the same way the relative impact is expected to be the same on the individual samples. For S. aureus, Resch et al. (2005) reported the genes icaA and icaC, which are commonly involved in early biofilm development, not to be upregulated in biofilms compared to planktonic growth after 48 h of growth. Expression of icaA, icaC, and aap gene regulation in S. epidermidis biofilms on different materials was reported by Patel et al. (2012) still to be active after 48 h of biofilm development. In an earlier study we found that on different Titanium-alloy surfaces the gene expression of the same set of genes of S. aureus Newman D2C followed a similar trend (Paulitsch-Fuchs et al., 2021) in that if there was a statistical difference in the regulation it was a decrease compared to the control (which was the untreated TiAl6V4 alloy, a rather smooth surface). Atshan et al. (2013) reported for four different MRSA isolates peak values of fnbA, fnbB, and clfB after 24 h. Comparing this with our results we conclude that the measurement point at 48 h is late into biofilm development and therefore no upregulation of the genes could be detected (with exception of fnbB on CoCrMo TiN). Together, the results point in the direction that the biofilm at 48 h is already well established and it is possibly not necessary that genes of early attachment are still upregulated. There is no difference in gene regulation between smooth and rough surfaces detectable at this timepoint. The S. epidermidis strain used in this study is icaA and icaC gene negative (this has been confirmed during this study; data not shown). As those genes are involved in the biosynthesis machinery necessary for PIA production in staphylococcal biofilms it is interesting that polysaccharides have been detected in the S. epidermidis strain which is ica negative. The explanation might be that other polysaccharide species (which are not regulated by the ica family of genes) are expressed in the strain used in this study. For example Spiliopoulou et al. (2012), have reported a 20-kDa polysaccharide (composed of glucose and N-acetylglucosamine) in the S. epidermidis EPS which is independent from ica. The two genes detected in the present study, atlE and aap, were both reported to be still active after 48 h of biofilm development by Patel et al. (2012). Similarly, the results presented here show an upregulation compared to the CoCrMo control on the smooth surfaces (not significant), the biofilms on the rough surfaces show a downregulation in at least one of the two genes after 48 h, CoCrMo cpTi in both genes (one of them significantly lower than the control). On those rough surfaces, the amount of proteins and polysaccharides was significantly higher in all cases, indicating that single cells in biofilms on rougher surfaces are producing a higher amount of proteins and polysaccharides. Otto (2013) shows a difference between early and late maturation phase in terms of adhesive and disruptive factors. We speculate that the biofilms on the rough surfaces in our study do not need the atlE and aap gene products, which are involved mainly in mediation of the early attachment and in accumulation (Patel et al., 2012; Arciola et al., 2015), anymore. To prove this conclusively further studies on biofilm developmental stages are necessary.

In conclusion, the rough CoCrMo surface-modifications are prone to biofilms showing a higher amount of proteins and polysaccharides. The transcription rate of the genes studied here needs to be studied at different time points in order to draw a hard conclusion as to the impact of surfaces on the regulation of those genes. Follow-up studies therefore should include more time points, defined biofilm forming strains and clinical isolates for gene analysis in order to get a better understanding of time-dependent development. In addition, a study of human osteoblast cell cultures and bacterial cells being co-incubated on the surfaces might provide insights in the competition for the place on the surfaces.
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Elizabethkingia anophelis has recently gained global attention and is emerging as a cause of life-threatening nosocomial infections. The present study aimed to investigate the association between antimicrobial resistance and the ability to form biofilm among E. anophelis isolated from hospitalized patients in China. Over 10 years, a total of 197 non-duplicate E. anophelis strains were collected. Antibiotic susceptibility was determined by the standard agar dilution method as a reference assay according to the Clinical and Laboratory Standards Institute. The biofilm formation ability was assessed using a culture microtiter plate method, which was determined using a crystal violet assay. Culture plate results were cross-checked by scanning electron microscopy imaging analysis. Among the 197 isolates, all were multidrug-resistant, and 20 were extensively drug-resistant. Clinical E. anophelis showed high resistance to current antibiotics, and 99% of the isolates were resistant to at least seven antibiotics. The resistance rate for aztreonam, ceftazidime, imipenem, meropenem, trimethoprim-sulfamethoxazole, cefepime, and tetracycline was high as 100%, 99%, 99%, 99%, 99%, 95%, and 90%, respectively. However, the isolates exhibited the highest susceptibility to minocycline (100%), doxycycline (96%), and rifampin (94%). The biofilm formation results revealed that all strains could form biofilm. Among them, the proportions of strong, medium, and weak biofilm-forming strains were 41%, 42%, and 17%, respectively. Furthermore, the strains forming strong or moderate biofilm presented a statistically significant higher resistance than the weak formers (p < 0.05), especially for piperacillin, piperacillin-tazobactam, cefepime, amikacin, and ciprofloxacin. Although E. anophelis was notoriously resistant to large antibiotics, minocycline, doxycycline, and rifampin showed potent activity against this pathogen. The data in the present report revealed a positive association between biofilm formation and antibiotic resistance, which will provide a foundation for improved therapeutic strategies against E. anophelis infections in the future.
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Introduction

E. anophelis is an emerging pathogen that can pose a significant threat to patients due to its unclear mechanism of antibiotic resistance and high mortality rate among nosocomial isolates (Janda and Lopez, 2017; Lin et al., 2019). E. anophelis is a class of Gram-negative, non-fermenting bacillus that is ubiquitously recovered from hospital environments (Kyritsi et al., 2018; Nicholson et al., 2018; Choi et al., 2019; Lee et al., 2021). Unexpectedly, it has been reported that the bacterium can be isolated from contaminated corona virus disease 2019 (COVID-19) swab kits (Xu et al., 2022). Moreover, it is related to mainly immunocompromised patients and has been clinically identified as one of the most important opportunistic pathogens responsible for nosocomial infections or healthcare-associated infections (Janda and Lopez, 2017; Lin et al., 2019). Since the first E. anophelis meningitis case was reported in 2012 (Frank et al., 2013), an increasing number of infections have been reported recently, including bacteremia, pneumonia, meningitis, catheter-related bloodstream infections, skin and soft-tissue infections, urinary tract infections, and eye infections (Lau et al., 2016; Hu et al., 2017; Bulagonda et al., 2018; Chew et al., 2018; Nielsen et al., 2018; Lin et al., 2018a; Auffret et al., 2021). In addition, several life-threatening outbreaks of infections caused by E. anophelis have successively been described in many regions worldwide, including Singapore, the United States, Hong Kong, Taiwan, and South Korea (Teo et al., 2013; Navon et al., 2016; Perrin et al., 2017; Lin et al., 2018a; Choi et al., 2019). In addition, in previous studies, it has been revealed that the incidence of E. anophelis infection was highly underestimated due to its frequent misidentification as Elizabethkingia meningoseptica by conventional laboratory identification methods (Lau et al., 2016; Lin et al., 2017; Kelly et al., 2019). Undoubtedly, such a high underestimation and mortality rate of E. anophelis infections cause a tremendous burden on a country’s health system.

It has been documented that E. anophelis is notorious for its high resistance to many antibacterial drugs, including penicillins, cephalosporins, carbapenems, aminoglycosides, tetracyclines, and β-lactamase inhibitors (Lin et al., 2018a; Lin et al., 2018b; Wang et al., 2019; Chiu et al., 2021; Larkin et al., 2021; Tang et al., 2021). Several investigations have revealed that E. anophelis isolates usually express resistance to multiple current commonly used antibiotics. In contrast, results from other studies have indicated susceptibility to several antibacterial agents, such as certain β-lactams, carbapenems, aminoglycosides, fluoroquinolones, or sulfa antibiotics (Teo et al., 2013; Navon et al., 2016; Han et al., 2017; Perrin et al., 2017; Lin et al., 2018a; Choi et al., 2019; Wang et al., 2020; Chiu et al., 2021). These inconsistent antimicrobial susceptibility testing (AST) patterns may be attributed to an insufficient sample size and the various origins of the strains in different countries and regions. Limited drug susceptibility test data are available for this bacterium, especially in mainland China. Therefore, further thorough exploration of drug resistance in E. anophelis from diverse sources is of utmost importance.

Biofilm is defined as the microbial population consisting of groups of bacterial cells, which are adherent to a surface and are comprised within a self-produced extracellular matrix, including proteins, extracellular DNA, and polysaccharides (Harika et al., 2020; Hashemzadeh et al., 2021). Bacterial cells within the biofilm are highly coordinated and undergo phenotypic switches to generate communities that are resistant to an adverse external environment (Shenkutie et al., 2020). Such a phenotype switch can also contribute to the emergence of antibiotic resistance by encoding antibiotic resistance genes, genetic mutation, restricting antibiotics, or counteracting host immunity (Shenkutie et al., 2020). Nearly all multidrug-resistant (MDR) Gram-negative bacteria and their virulence factors are persistent problematic responses in hospitalized patients during biofilm production (Husain et al., 2021). Among them, the indwelling device is the most important in biofilm formation and colonization (Karami et al., 2020). Biofilms protect bacteria from the host immune system and antimicrobial agents. For example, the formation of biofilms by P. mirabilis strengthens the complexity of bacterial resistance, prolongs treatment time, and further intensifies the infection ability (Ranjbar-Omid et al., 2015). The bacteria became very robust against all available bacteriostatic agents, and the underlying mechanisms involved were developed. Hence, it is important to create connections between biofilm production and drug resistance in clinical isolates of E. anophelis.

In recent years, the formation of biofilm by Elizabethkingia species has been discussed in a few studies (Jacobs and Chenia, 2011; Tang et al., 2021). However, too little research data are available, and no study has reported a correlation between biofilm formation and antibiotic resistance in Elizabethkingia species from humans. Therefore, the association between the biofilm formation capability and antibiotic resistance in clinical E. anophelis isolates is unknown. Here, we used the Clinical and Laboratory Standards Institute (CLSI)–recommended standard agar dilution method as a reference assay and examined the antimicrobial susceptibility results for 197 clinical E. anophelis isolates to fill those research gaps. The present study aimed to study biofilm formation and different antibiotic sensitivity in E. anophelis strains that cause nosocomial infections in China and present any possible link between the ability to form biofilm and MDR. To the best of our knowledge, this is the first study that investigated biofilm formation and a correlation between antibiotic resistance in E. anophelis isolates. Data on the phenotypic characterization of the biofilm-forming capacity and the correlation between antibiotic susceptibility may offer valuable insights into the development of medication and preventive strategies for E. anophelis nosocomial infections.



Materials and methods


Sampling and bacterial isolation

The database of the Clinical Strain Library of the First Affiliated Hospital of Zhejiang University School of Medicine was searched from January 2010 to April 2019 for microbial cultures that yielded E. anophelis. The collected isolates were kept in brain-heart infusion broth (Oxoid, UK) containing 20% glycerol at −80°C until use. All 197 isolates used in this study were routinely collected from patients according to their clinical requirements. All used strains of E. anophelis species that were previously collected from blood, sputum, abdominal fluid, cerebrospinal fluid (CSF), bronchoalveolar fluid (BAL), urine, other soft tissue, etc. Samples were mainly collected from patients in the intensive care unit, hematology department, infectious disease department, and surgical ward. Of these patients, 76.4% (149 of 195) were men and 23.6% (46 of 195) were women. Detailed data for two isolates were unavailable. The mean age of the patients was 61 ± 18 years. Among them, except for two babies, none of the patients were under 18 years of age, and 76 patients were over 50 years of age. Isolates were incubated at 37°C for 24 h from the −80°C stock in Mueller–Hinton Agar (MHA) (Oxoid, UK) without antibiotics in aerophilic conditions. Microbial isolates derived from patients were initially identified using conventional tests by a matrix-assisted laser desorption ionization time-of-flight mass spectrometry (Bruker Daltonics, USA) and were verified by genomic average nucleotide identity analysis.



Antimicrobial susceptibility testing

Agar dilution techniques determined antimicrobial sensitivity testing according to the procedures described in the CLSI guidelines (2020). The antimicrobial resistance of the isolates to 19 antibiotics (Meilunbio, China), including piperacillin, piperacillin-tazobactam, ceftazidime, cefepime, imipenem, meropenem, aztreonam, gentamicin, amikacin, minocycline, doxycycline, tetracycline, tigecycline, ciprofloxacin, levofloxacin, trimethoprim-sulfamethoxazole, rifampin, vancomycin, and chloramphenicol, was investigated. Susceptible, intermediate, and resistant interpretation was based on the CLSI guidelines for “other non-Enterobacteriaceae”. The susceptibility criteria for tigecycline were interpreted according to “Enterobacteriaceae breakpoints” (susceptible, ≤ 2 mg/L; intermediate, = 4 mg/L; resistant, ≥ 8 mg/L), provided by the US Food and Drug Administration (Chiu et al., 2021). Moreover, for rifampin and vancomycin, the susceptibility testing results and minimum inhibitory concentration (MICs) were interpreted according to the “Enterococcus species” of the CLSI standards for rifampin and vancomycin. Bacteria E. coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, and Staphylococcus aureus ATCC 29213 were used as quality control strains. The standardized definition of MDR, extensively drug-resistant (XDR), and pan-drug-resistant (PDR) bacteria has been well studied. MDR strains were defined as strains that acquired non-susceptibility to at least one agent per three or more antimicrobial categories, XDR strains were defined as non-susceptible to at least one agent in all but two or fewer antimicrobial classes, and PDR strains were defined as non-susceptible to all agents in all antimicrobial categories (Magiorakos et al., 2012).



Biofilm formation and quantification assay

Biofilm-forming capacities of the isolates were evaluated in triplicate using the crystal violet method for Elizabethkingia species as previously described with modifications (Jacobs and Chenia, 2011; Tang et al., 2021). Briefly, overnight grown E. anophelis [cultured at 37°C in 2 ml of Mueller–Hinton Broth (MHB) (Oxoid, UK)] was harvested. Then, the cultures were diluted in MHB medium adjusted approximately to 0.5 McFarland. A 20-μl aliquot of each suspension was then diluted 1:10 in 180 μl of MHB in a 96-well cell culture-treated polystyrene plate (Corning Incorporated, USA). Following 24 h of growth at 37°C overnight, plates were washed three times with 200 μl of phosphate-buffered saline (PBS; 0.01mol/L) to remove unattached bacteria. After air drying, adherent cells were fixed with 200 μl of methanol for 15 min and stained with 200 μl of 1% crystal violet (Beyotime, China) for 15 min at room temperature. The staining solution was removed, and the plate was washed three times with 200 μl of PBS (0.01mol/L). After removing the washing solution, 150 μl of 33% acetic acid was added to each well to dissolve the biofilm-bound crystal violet and incubated for 5 min on a shaking table. The optical density (OD) of each well was measured at 595 nm using a microtiter plate reader Epoch2 (BioTek, USA). The OD at 595 nm was obtained as an index of adherent bacteria and biofilm formation. The OD value of sterile medium with fixative and dye was recorded and subtracted from the results to determine the background OD. All strains were classified into the following four categories: the first category comprised those not considered biofilm producers when OD595 ≤ ODc (the mean OD of the negative control). The other three were weak biofilm formation, OD595 >ODc-2XODc; moderate biofilm formation, OD595 >2XODc–4XODc; and strong biofilm formation, OD595 >4XODc.



Scanning electron microscopy analysis

Scanning electron microscopy imaging (SEM) analysis was performed in the State Key Laboratory of Rice Biology of Zhejiang University, using a Scanning Electron Microscope (TM 4000 PLUS, HITACHI, Tokyo, Japan). Bacteria were incubated for 24 h at 37°C with 15 ml of MHB under shaking conditions. After centrifugation, the precipitated bacteria were immediately fixed in 2.5% fresh glutaraldehyde and fixed for 2 h. Next, bacteria were rinsed three times with distilled water (centrifugal discard supernatant at each step, distilled water was added, and clots were blown with a straw). Then, dehydration was performed with increasing concentration of ethanol: 20 min at 50%, 20 min at 75%, 20 min at 85%, 20 min at 95%, and two times for 20 min in 100% ethanol prior to crucial point drying. Subsequently, critical point drying, ion sputtering, and microscope observation were carried out successively.



Statistical analysis

Statistical analyses were performed using SPSS version 23.0 software (IBM, Armonk, NY, USA). To examine the effect of biofilm production on the susceptibility of the strains, data normality of continuous variables was initially verified using the Shapiro–Wilk test. The t-test and Mann–Whitney U test were used to compare the differences between the two groups. The Kruskal–Wallis test was employed for multiple comparisons. The statistical significance was set at P < 0.05.




Results


Antimicrobial susceptibility patterns

The susceptibility to 19 antimicrobials of human clinical significance was investigated in all 197 clinical E. anophelis isolates. According to the CLSI-recommended agar dilution method, drug susceptibilities of the E. anophelis isolates and MIC ranges for all 19 tested antimicrobials are presented in Table 1 and Table S1. MDR was observed in all 197 E. anophelis isolates (Table 1). Ten percent of pan-resistant strains (XDR) was detected among them. All strains presented intermediate susceptibility to six antibiotics and presented no susceptibility to at least four antibiotics. Of the tested antibiotics, E. anophelis isolates showed low varying degrees of MDR. However, none of the strains of E. anophelis investigated was pan-susceptible (susceptible to all antimicrobials tested), whereas two isolates (1% of the isolates; one strain from sputum and one from fluid) were resistant to only four antibiotics.


Table 1 | Antimicrobial MICs (mg/L) and susceptible rates of 197 E. anophelis isolates determined using the agar dilution.



Furthermore, on the basis of the acquired antibiotic resistance pattern, 177 (89.9%) isolates were resistant to at least nine antibiotics, and 195 (99%) isolates were resistant to at least seven antibiotics. All isolates were resistant to β-lactams, including piperacillin, piperacillin-tazobactam, ceftazidime, cefepime, meropenem, and imipenem. High resistance rates were observed for piperacillin (98; 49.8%) in contrast to the decreased resistance when in combination β-lactamase inhibitors, namely, piperacillin-tazobactam (57; 28.9%). Only one and two strains were susceptible to ceftazidime and cefepime, respectively. Moreover, 196 (99.5%) isolates were resistant to imipenem, and 195 (99.5%) isolates were resistant to meropenem, which may be tricky for clinical treatment. Elizabethkingia isolates were extremely highly resistant to aztreonam; it was observed that none favored in vitro activity. They also exhibited high resistance rates to trimethoprim-sulfamethoxazole (195; 99%), tetracycline (178; 90.4%), gentamicin (174; 88.3%), amikacin (154; 78.7%), and chloramphenicol (113; 57.3%), respectively.

Interestingly, consistently with previous studies, doxycycline, minocycline, and rifampin inhibited >90% of all E. anophelis isolates. In particular, minocycline was more active compared with doxycycline and tigecycline [susceptible rates, 197 (100%) versus 189 (95.9%) and 70 (35.5%), respectively]. In this study, favored in vitro activity of fluoroquinolones was also observed, and the susceptibility rate for levofloxacin was higher than that of ciprofloxacin. In contrast, a significant difference was noted between the susceptibility rates of E. anophelis against levofloxacin (150; 76.1%) and ciprofloxacin (95; 48.2%), respectively. Taken together, these results evidently suggested that the bacteria were dangerous and highly resistant to the antibiotics. Although E. anophelis was resistant to a series of antibiotics, minocycline, doxycycline, and rifampin showed potent in vitro activity against this pathogen. Our findings provide potential alternative treatment options for E. anophelis infections.



Biofilm formation of multidrug-resistant bacteria

Among the MDR behavior, each E. anophelis strain was screened for the ability to form biofilm. A simple culture plate assay was performed for the positive biofilm effect in tested E. anophelis. Compared with any other method, this assay is the most reliable and most straightforward method for identifying biofilm formation. In previous studies, this assay was found highly suitable for current research on the detection of biofilm formation in Gram-negative bacteria. E. anophelis strains collected in this study were highly susceptible to crystal violet observation. On the basis of the results of the culture plate, biofilm-positive E. anophelis were divided into three groups, namely, weak, moderate, and strong biofilm formers, and results are presented in Figure S1. In this study, our data revealed that all clinical E. anophelis isolates 197(100%) were biofilm-positive, with OD values >ODc at 595 nm. Moreover, 80 (40.6%) isolates tested positive for strong biofilm formation, with OD >4ODc at 595 nm, and four (Ea109, Ea124, Ea131, and Ea143) had the highest OD values, with values >1.5 (Figure S1). Of the 197 tested isolates, only 35 (17.8%) were weak biofilm formers, and 82 (41.6%) isolates were moderate biofilm formers. E. anophelis was strongly adherently after culture at 37°C in MHB.

Although the ability of Elizabethkingia to form biofilm was previously demonstrated, it must be pointed out that the percentage of biofilm-forming strains of E. anophelis was observed in the present investigation. We next compared the biofilm formation level (OD595) among the strains from different sources (Figure S2). There were significant differences among the other groups. Figure S2 shows the percentage of strong, moderate, and weak biofilm formation levels in isolates from sputum, blood, abdominal fluid, CSF, and clinical/other strains. In contrast, sputum samples showed the highest (p < 0.05) percentage of strong biofilm-forming strains, whereas weak biofilms were formed mainly in bloodstream infection strains (p < 0.05). In addition, all strains isolated from abdominal and fluid CSF formed moderate biofilms. The different biofilm-forming ability for different origin isolates is still unclear, and further studies are needed to explain these findings.

Furthermore, results of the tissue culture plate were cross-checked by the SEM analysis method. Eight E. anophelis sample clones were selected randomly for investigation by light microscopy, starting from the surface of the glass slide and scanning several planes interspersed by short distances to visualize biofilm architecture and microbial behavior throughout the depth of the individual flow chambers. Figure 1 displays the in vitro biofilm formation results by four selected strains studied by SEM. Microcolonies merged to form a thick, complex biofilm structure across the entire surface of the coverslips. Each of these four strains showed thick biofilms, as densely stacked and layered bacteria were observed. In addition, differences in biofilm structure and cover channel surface were observed between stronger and weaker biofilm-forming strains. Compared with weaker biofilm-forming strains, the others contained thicker biofilms, and their bacteria were more densely stacked and layered (Figure 1).




Figure 1 | Scanning electron microscopy imaging analysis of four E. anophelis biofilm formations. The four strains were as follows: weak biofilm-forming strain SKL 051060 (A, B); moderate biofilm-forming strain SKL014219 (C, D); strong biofilm-forming strain SKL067015 (E, F); and SKL068512 (G, H). Among them, the left part of the figure (A, C, E, G) is the imaging result at 5,000-fold magnification (5.00k SE), bar = 10.0 µm; the right part of the figure (B, D, F, H) is the image result of 10,000-fold magnification (10.00k SE), bar = 5.00µm. The data show that the cell morphology is intact and densely stacked, and layered bacteria can be observed.





Correlation between resistance and biofilm formation capability

One noteworthy point is that strong or moderate biofilm formers presented a statistically significantly higher (p = 0.0006) average number of resistances (11.01 ± 0.1643) compared with the weak formers (9.657 ± 0.3477) (Figure 2A). Figure 2B shows that the average number of resistances per strain between strong (11.10 ± 0.2247) and moderate (10.93 ± 0.2403) biofilm formers was not statistically significant (p > 0.05). Furthermore, both were statistically significant (p < 0.05) higher than that in weak biofilm formation classes (Figure 2B). This is the first time that a direct relationship has been reported between antibiotic resistance and biofilm formation in E. anophelis. Further studies are needed to support these findings.




Figure 2 | A bar graph displays the relationship between biofilm formation intensity and antimicrobial resistance. (A) Strong or moderate biofilm-forming strains presented a significantly higher average number of resistances than the weak producers. (B) The discrepancy in antimicrobial resistance among weak, moderate, and strong biofilm-producing isolates. W, weak biofilm formation; M, moderate biofilm formation; S, strong biofilm formation; S/W, strong or moderate biofilm formation. ** means significant at 0.01 level, *** means significant at 0.001 level.



The antimicrobial resistance pattern of E. anophelis isolates among strong, moderate, and weak biofilm formers is shown in Table 2. In general, the antimicrobial resistance rates among strong and moderate biofilm-forming E. anophelis strains were significantly higher than that of weak biofilm-forming isolates (Table 2 and Figure 3). In particular, for ceftazidime, cefepime, imipenem, and meropenem, susceptible strains were only detected in bacteria that showed weak biofilm formation. Similarly, the isolates resistant to doxycycline or rifampin were merely found in strong and moderate biofilm-forming E. anophelis. A discrepancy was observed in the correlation between the degree of biofilm formation and antimicrobial resistance rates in most antibiotics from different classes, including piperacillin, piperacillin-tazobactam, ceftazidime, cefepime, meropenem, gentamicin, amikacin, doxycycline, tetracycline, tigecycline, ciprofloxacin, levofloxacin, rifampin, and vancomycin. However, the correlation could not be distinguished in case of aztreonam, minocycline, and trimethoprim-sulfamethoxazole (Table 2 and Figure 3). Furthermore, after analyzing 12 antibiotics by the Kruskal–Wallis test, the difference between biofilm formation (among strong, moderate, and weak) and the proportion of antimicrobial-resistance was confirmed statistically significant (p < 0.05) in case of piperacillin, piperacillin-tazobactam, cefepime, amikacin, and ciprofloxacin, respectively (Figure 4).


Table 2 | The relationship among biofilm-forming ability of E. anophelis with antibiotic resistance pattern.






Figure 3 | The frequency of antibacterial resistance in strong/moderate biofilm formation and weak biofilm producer E. anophelis isolates. S/W, strong or moderate biofilm formation; W, weak biofilm formation. PIP, piperacillin; TZP, piperacillin-tazobactam; CAZ, ceftazidime; FEP, cefepime; IPM, imipenem; MEM, meropenem; AZT, aztreonam; GEN, gentamicin; AMK, amikacin; MNO, minocycline; DOX, doxycycline; TCY, tetracycline: TGC, tigecycline; CIP, ciprofloxacin; LVX, levofloxacin; SXT, trimethoprim-sulfamethoxazole; RFP, rifampin; VA, vancomycin; and CHL, chloramphenicol.






Figure 4 | The correlation between antibiotic resistance and biofilm-forming capacity of clinical E. anophelis isolates to five antibiotics. (A–E) For piperacillin (PIP), piperacillin-tazobactam (TZP), cefepime (FEP), amikacin (AMK), and ciprofloxacin (CIP). Susceptible isolates tended to form weaker biofilms than non-susceptible isolates. Significant differences were detected between groups. The p-values obtained by Mann–Whitney analysis were as follows: piperacillin (p < 0.0001), piperacillin-tazobactam (p = 0.0088), cefepime (p = 0.0022), amikacin (p = 0.0442), and ciprofloxacin (p = 0.0461). * means significant at 0.05 alpha level, ** means significant at 0.01 level, *** means significant at 0.001 level.






Discussion

E. anophelis is an emerging pathogen that will cause life-threatening nosocomial infections in humans with compromised immune systems. Recently, E. anophelis infections in humans are increasing in many countries and showed high mortality, which consolidated the importance of early identification and treatment (Janda and Lopez, 2017; Lin et al., 2019). Furthermore, many global E. anophelis outbreak infections have been uncovered in recent years (Teo et al., 2013; Navon et al., 2016; Perrin et al., 2017; Lin et al., 2018a; Choi et al., 2019). Therefore, further exploration of antimicrobial resistance and virulence mechanisms in E. anophelis are of utmost importance. In the present study, the antimicrobial susceptibility characteristics and biofilm formation of nosocomial E. anophelis isolates were investigated, which were confirmed and obtained in China.

First, we found that E. anophelis isolates exhibited high MDR. The strains used in this study showed stabilized degrees of MDR to the tested antibiotics. Corresponding to previous reports, they were resistant to many commonly used antibacterial drugs, including penicillin, cephalosporin, carbapenem, aminoglycoside, fluoroquinolone, tetracyclines, sulfonamide, and carbapenem (Chen et al., 2015; Han et al., 2017; Chew et al., 2018; Lin et al., 2018a; Lin et al., 2018b; Choi et al., 2019). In this study, the antimicrobial resistance rates observed were as follows: piperacillin (49.8%), piperacillin-tazobactam (93%), ceftazidime (99.5%), imipenem (99.5%), meropenem (99%), aztreonam (100%), gentamicin (88.3%), amikacin (78.2%), tetracycline (90.4%), tigecycline (15.2%), ciprofloxacin (26.9%), levofloxacin (19.8%), trimethoprim-sulfamethoxazole (98.9%), vancomycin (25.4%), and chloramphenicol (57.4%), respectively. As presented in previous reports, minocycline, doxycycline, rifampin, and levofloxacin were active against E. anophelis in vitro in our study (Wang et al., 2020; Chiu et al., 2021; Kuo et al., 2021), which may be the first choice of empirical medication for the clinical treatment of this bacterial infection. Interestingly, as reported in Taiwan and by others, tigecycline, the derivative of minocycline, showed inferior antimicrobial activity in the present study (Jian et al., 2019; Chang et al., 2021; Kuo et al., 2021).

However, inconsistent AST results were reported for some antibiotics, especially for piperacillin-tazobactam, levofloxacin, rifampin, and vancomycin. For an Elizabethkingia infection, successful treatment has been described using piperacillin-tazobactam. An infant’s unusual presentation of E. anophelis infection indicated the pathogen was sensitive only to piperacillin-tazobactam (Mantoo et al., 2021). After antibiotic treatment was changed to piperacillin-tazobactam, the patient soon recovered and was discharged (Mantoo et al., 2021). According to a report by Wang et al., the antimicrobial susceptibilities of piperacillin-tazobactam were high at 86.5% (Wang et al., 2020). Moreover, in another report, it was also demonstrated that the combinations showed reasonable in vitro activity with a 71.8% susceptibility rate (Chang et al., 2021). In contrast, a significant difference was observed in our study. Only 34.01% of agent was active against E. anophelis isolates in vitro.

In line with the data in the present study, Chiu et al. revealed that piperacillin-tazobactam was notoriously active against 84 E. anophelis isolates in vitro. No susceptibility strain was found (Chiu et al., 2021). The variability in fluoroquinolone susceptibility has also been detected in the majority literature. Against levofloxacin and ciprofloxacin, different previous reports showed a different susceptibility of the E. anophelis pathogen. Although favored high in vitro activity of levofloxacin was observed in our study, the susceptibility rate of ciprofloxacin was much lower than that. In agreement with our results, in previous studies, it was concluded that, compared with levofloxacin, ciprofloxacin exhibited inferior activity against E. anophelis (Burnard et al., 2020; Tang et al., 2021). In other reports, when comparing our results, a significant difference was observed between the susceptibility rates of E. anophelis against ciprofloxacin (92% and 100%, respectively) (Lau et al., 2016; Perrin et al., 2017). In contrast, both ciprofloxacin and levofloxacin exhibited poor activity against E. anophelis isolates in hospitals in South Korea and Taiwan (Han et al., 2017; Lin et al., 2018a). These two AST results indicated that all the susceptibility rates were less than 30%, which is contradictory to our and previous findings (Han et al., 2017; Lin et al., 2018a).

It has been reported that the rifampin agent is less active against Gram-negative bacilli due to its weaker ability to readily penetrate the outer membrane of these pathogens (Goldstein, 2014). Chang et al. found that rifampin is unproductive to against E. anophelis, and the susceptibility rate was only 20.5% (Chang et al., 2021). Nevertheless, in most other studies, it was reported that rifampin is potent in fighting E. anophelis bacteria; even more than 95% of strains remained sensitive (Han et al., 2017; Seong et al., 2020; Wang et al., 2020; Chiu et al., 2021). Corresponding to these reports, rifampin also showed high in vitro activity inhibiting E. anophelis in our study. For rifampin, the underlying mechanism of high effectiveness to confront E. anophelis is yet known and warrants further investigation. Vancomycin has been suggested as a potential therapy for Elizabethkingia infections, particular in meningitis (Han et al., 2017; Jean et al., 2017; Lin et al., 2019; Seong et al., 2020). Therefore, in our study, E. anophelis strains were screened against vancomycin, but only 0.51% of susceptible isolates were detected. In line with our results, vancomycin is ineffective in the treatment of Elizabethkingia infection and has also been observed in previous reports (Han et al., 2017; Wang et al., 2020; Chang et al., 2021; Chiu et al., 2021; Kuo et al., 2021). Unfortunately, these results suggest that the choice of the abovementioned empirical antimicrobial therapy for E. anophelis remains controversial, and further investigations are urgently needed to determine the optimal antibiotics for treating this bacterium infection.

In the present study, all detected E. anophelis isolates were capable of forming biofilms. As mentioned, 40.6%, 41.6%, and 31% of clinical isolates formed strong, moderate or weak biofilms, respectively. These findings were comparable with the results reported by Tang et al., who noted that biofilm formation was high at 96.7%, as only one E. anophelis isolate tested negative for biofilm formation (Tang et al., 2021). Moreover, it was indicated that more than a quarter of the isolates tested positive for strong biofilm formation, with the highest OD values reaching 2.0 (Tang et al., 2021). In contrast, the biofilm-forming ability of the strain that we isolated was superior. Next, our data showed that the biofilm formation was higher in sputum samples, whereas weak biofilms were mainly formed in bloodstream infection E. anophelis strains. However, there may be a limitation because no comparable study can be obtained of E. anophelis. Thus, future investigations among E. anophelis strains from different sources are warranted.

In previous studies, it was documented that biofilm-forming bacteria could reduce antibiotic susceptibilities and be more resistant to the antibacterial agent than non–biofilm-forming strains (Yang et al., 2019; Shenkutie et al., 2020; Hashemzadeh et al., 2021). By comparing the results in this study, a similar outcome was found for the E. anophelis pathogen. The strains that obtained strong or moderate biofilm formation presented statistically significant higher resistances compared with the weak producers (p < 0.05), especially for piperacillin, piperacillin-tazobactam cefepime, amikacin, and ciprofloxacin. In a previous study, it was demonstrated that biofilm formation in MDR Staphylococcus saprophyticus isolates was significantly higher than that of non MDR Staphylococcus saprophyticus isolates. At the same time, no significant relationship was detected between MDR and biofilm formation intensity (strong, moderate, and weak) (Hashemzadeh et al., 2021). The result was similar to our findings, and in the present study, no significant relationship was observed between MDR, XDR, and biofilm-forming intensity. Compared with previous investigations, our results indicated that the correlation between the antibacterial agent and biofilm strength was different among the different antibiotics (Fauzia et al., 2020; Shadkam et al., 2021). For gentamicin, tetracycline, vancomycin, and chloramphenicol, no significant difference in biofilm formation between sensitive and resistant isolates was observed. We presume that this was partially due to the difference sample size, which may affect the statistical analysis. For example, 174 isolates were non-susceptible to gentamicin, and only seven were susceptible. For tetracycline, 178 isolates were non-susceptible, and only five were susceptible. It is important to understand and clarify the biofilm formation and antibiotic resistance mechanism of E. anophelis and identify effective method of blocking-up biofilm for the prevention and treatment of this species. However, previous studies in other bacteria have documented that biofilm-acquired drug resistance is complicated and likely involves the expression of virulence genes and efflux pumps, growth and metabolic adaptations, horizontal gene transfer, gene mutation, stress response, and others factors (Bonifait et al., 2008; Soto, 2013; Dutkiewicz et al., 2018; Yi et al., 2020). Thus, outcomes from our investigation should be interpreted with caution, because the methods utilized in this investigation cannot be used to adequately assess biofilm-mediated MDR mechanisms.

To overcome this limitation, more thorough investigations to study the relationship between biofilm formation and antibacterial resistance, including faster conjugative plasmid transfer or multiplication of specific regulatory horizontal gene transfer genes, should be conducted in future studies to clarify these underlying mechanisms of action. In conclusion, studies on E. anophelis biofilms are still in its infancy. The result obtained in this study may be an essential stepping-stone for considering biofilm formation in drug susceptibility testing to improve the antimicrobial therapy effect with E. anophelis infections.
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Some Brevundimonas spp. are globally emerging opportunistic pathogens that can be dangerous to individuals with underlying medical conditions and for those who are immunocompromised. Gram-negative Brevundimonas spp. can form resilient sessile biofilms and are found not only in different confined terrestrial settings (e.g., hospitals) but are also frequently detected in spacecraft which is inhabited by astronauts that can have altered immunity. Therefore, Brevundimonas spp. pose a serious health hazard in different environments, especially in its biofilm form. Conventional antimicrobials applied to disrupt, inactivate, or prevent biofilm formation have limited efficiency and applicability in different closed-loop systems. Therefore, new, effective, and safe biofilm control technologies are in high demand. The present work aimed to investigate antimicrobial photoinactivation (API) of Brevundimonas sp. ESA1 monocultural biofilms mediated by non-toxic, natural photosensitizers such as riboflavin (RF) and chlorophyllin (Chl) with an emphasis of this technology as an example to be safely used in closed-loop systems such as spacecraft. The present study showed that Chl-based API had a bactericidal effect on Brevundimonas sp. ESA1 biofilms at twice the lower irradiation doses than was needed when applying RF-based API. Long-term API based on RF and Chl using 450 nm low irradiance plate has also been studied in this work as a more practically applicable API method. The ability of Brevundimonas sp. ESA1 biofilms to reduce alamarBlue™ and regrowth analysis have revealed that after the applied photoinactivation, bacteria can enter a viable but non-culturable state with no ability to resuscitate in some cases.
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1 Introduction

Naturally most of the bacteria are found living in a multicellular coordinated functional communities known as biofilms. Bacterial biofilms consist of bacterial cells encased in a self-produced extracellular polymeric substance (EPS) made of polysaccharides, proteins, and extracellular DNA (eDNA) (Flemming et al., 2016; Penesyan et al., 2021). EPS is the underlying physical factor determining the ability of bacterial cells to be more resistant to adverse external impacts than free-living cells (Hall-Stoodley et al., 2004; Reichhardt et al., 2014). Bacterial biofilms are common in different industrial settings, food facilities, water systems, bathrooms, laboratories, hospitals, and even spacecraft (Buchovec et al., 2020). Once established, biofilms become less susceptible to common antimicrobials such as antibiotics, chemical disinfectants, physical stress, and the human immune system (Mora et al., 2019; Muhammad et al., 2020; Ciofu et al., 2022). Therefore, biofilms are of special concern not only in confined areas such as hospitals, industrial food-associated premises on Earth, but also closed-loop spacecraft systems. Human-manned spacecraft is a unique environment encountering dangerous microbial contamination even though the spacecraft is assembled in a cleanroom (Checinska et al., 2015; Mora et al., 2016; Bashir et al., 2016; Nakajima et al., 2017). Spacecraft conditions such as space radiation, microgravity, and elevated carbon dioxide levels adversely affect health and the immune system of the astronauts. Therefore, microbial contamination, especially in the form of biofilms, can be very dangerous for the immunocompromised spacecraft crew members and the overall material integrity (Decelle and Taylor, 1976; Sobisch et al., 2019). The most abundant airborne and surface bacteria in spacecraft belong to Staphylococcus spp., Bacillus spp., Enterococcus spp., Corynebacterium spp. and Propionibacterium spp. (Borisov et al., 2003; La Duc et al., 2004a; Novikova et al., 2006; Venkateswaran et al., 2014; Checinska et al., 2015; Koskinen et al., 2017; Regberg et al., 2020). Methylobacterium spp., Sphingomonas paucimobilis, Cupriavidus spp., Chryseobacterium spp., and Ralstonia spp. are most frequently found in potable water systems (La Duc et al., 2004b; Wong et al., 2010; Mijnendonckx et al., 2013; Nakajima et al., 2017; Thompson et al., 2020). Most spacecraft bacteria are human-associated and play the main role in the formation and the diversity of spacecraft microbiota (Mora et al., 2016; Be et al., 2017; Zea et al., 2018).

However, according to recent findings, one of the emerging bacterial genera that is not so abundant but is also frequently detected in different spacecraft samples is Brevundimonas spp. (Kawamura et al., 2001; La Duc et al., 2004b; Li et al., 2004; Ghosh et al., 2010; Stieglmeier et al., 2012; Vornhagen et al., 2013) Brevundimonas spp. are non-fermenting Gram-negative bacteria that can form sessile biofilms, with some of the species being a cause of serious infections in individuals with underlying medical conditions (Vornhagen et al., 2013). The genus was established by Segers et al. (1994) when authors presented the re-classification of Pseudomonas diminuta and Pseudomonas vesicularis to Brevundimonas diminuta and Brevundimonas vesicularis, respectively (Segers et al., 1994). B. diminuta and B. vesicularis are concerned to be emerging global opportunistic pathogens due to recent findings of multiple infections caused by these species indicating that the genus may be a more widespread pathogen than it was hitherto thought. And apparently, infections caused by Brevundimonas spp. can be invasive and dangerous for people having chronic diseases or those who are immunocompromised (Han and Andrade, 2005; Ryan and Pembroke, 2018). Therefore, it is a matter of concern that the species of the genus are being constantly detected not only in different terrestrial facilities but also in spacecraft. In a varying abundance, Brevundimonas spp. was recovered from ISS-associated potable water samples at various stages of their purification, storage, and transport. Detection of Brevundimonas spp. in the water system of spacecraft means that it can survive in spacecraft essential systems, forming more resistant biofilm forms (La Duc et al., 2004b; Vornhagen et al., 2013). A study of the abundance and diversity of microbial bioburden in European spacecraft-associated clean rooms by molecular analysis revealed that Brevundimonas was among the most common (Stieglmeier et al., 2012).

Recently, Brevundimonas sp., among some other species, was determined to form biofilms that developed higher concentration of antibiotic resistant bacteria (ARB) under the disinfection pressure of chlorination and chloramination. This study indicated that biofilm detachment might become a cause of the movement of biofilm clusters with higher ARB concentration into water, thereby increasing the antibiotic resistance of bacteria in tap water (Zhang et al., 2019a). In a study of Low et al. (2016), as a genus of Proteobacteria, Brevundimonas was found to be resistant to eight antibiotics and was reported to contain tetracycline resistance genes (Miranda et al., 2003; Adelowo and Fagade, 2009). Brevundimonas spp. can exhibit resistance to heavy metals as well (Zhang et al., 2019b).

The most interesting finding about Brevundimonas is that it is found to be one of a few bacteria exhibiting high survival rates under simulated Martian conditions. Dartnell et al. (2010) have studied the survival responses of some novel psychrotolerant bacterial strains (isolated from the Antarctic Dry Valleys) to ionizing radiation while frozen at -79 °C, the temperature that is typical to Martian near-subsurface environment. Interestingly, one of the novel isolates of the Antarctic Dry Valleys was identified as Brevundimonas sp. MV.7 and was determined to be the most resistant to radiation. Experimental irradiation combined with previous radiation modelling indicated that Brevundimonas sp. MV.7 in 30 cm deep Martian dust could survive the space radiation for up to 100,000 years before having a 106 population reduction (Dartnell et al., 2010).

Therefore, some of the Brevundimonas species, due to its multiple resilience should pose serious concern in some terrestrial and especially spacecraft environments. Since conventional antimicrobials applied to disrupt, inactivate, or prevent biofilm formation have limited efficiency and applicability in closed-loop systems like spacecraft, new, effective, environmentally friendly, and safe biofilm control technologies are in a high demand.

One of the potential alternatives that provide many significant advantages is antimicrobial photoinactivation (API) (also known as antimicrobial photodynamic therapy - aPDT) - a technology based on interaction between non-toxic photosensitizer (PS), molecular oxygen, and appropriate doses of visible light of a certain wavelength that excites the PS (St. Denis et al., 2011; Hamblin, 2016). Usually, after light excitation, the triplet-state of PS interacts with molecular oxygen, electron donors or acceptors and can produce reactive oxygen species (ROS), thereby triggering photo-oxidative reactions that initiate various cellular damages and destruction of microorganisms (Hu et al., 2018). Different investigators have confirmed that microorganisms, including bacteria, viruses, molds, and protozoa, whether in vitro or in vivo, can be killed by API treatment (Wainwright, 2004; Jori and Brown, 2004; Luksiene, 2005; Buchovec et al., 2016; Temba et al., 2016). One of the major advantages of API is that the resistance of bacteria to API is unlikely to occur and it can be safely used in closed-loop systems (Liu et al., 2015; Maisch, 2015; Kashef and Hamblin, 2017). For the inactivation of both planktonic and sessile biofilm forms of bacteria in spacecraft and other sensitive confined systems - a non-toxic, chemically pure and stable, non-bleaching, easy-to-produce, and water-soluble PSs should be used. Most of the natural PSs meet the above-listed criteria and are one of the safest options of PSs for spacecraft use that have been proposed to date. Currently, four main natural products have been applied for API: curcumin, riboflavin, perylenequinones (hypericin, hypocrellin), psoralens (Yin et al., 2014). Recently, chlorophyll derivatives, such as sodium chlorophyllin were shown to be effective as natural PSs as well (Luksiene et al., 2010; Buchovec et al., 2010; Buchovec et al., 2017; Krüger et al., 2019; Luksiene and Buchovec, 2019; Buchovec et al., 2022). This study focuses on natural promising PSs - riboflavin (RF) or vitamin B2 and chlorophyllin (Chl) that could be potentially used in closed-loop systems as non-toxic and harmless to humans and plants. Both PSs – RF and Chl - are known photoactive compounds used as food colorants having “Generally Recognized As Safe” (GRAS) status. Also, it is essential to note that both PSs, RF and Chl, are photoactive in the visible-light range and have absorption maximums at 440 and 402 nm, respectively (Buchovec et al., 2020). RF is a naturally occurring water-soluble compound and an essential human nutrient and is used as a food colorant E 101. It plays an important role in the metabolism of the cells and can be considered safe when administered to humans (Astanov et al., 2014; Sheraz et al., 2014). Chl is also water-soluble food colorant - sodium magnesium chlorophyllin (E 140 (ii)), which is extracted from different plants such as spinach, grass, dandelion, green cabbage, water hyacinth, and algae. Chl is a semi-synthetic porphyrin obtained from chlorophyll which generates ROS with antimicrobial activity after exposure to visible light (Buchovec et al., 2017). Nevertheless, studies and applications of the RF-based (RF-API) and Chl-based (Chl-API) API to control Gram-negative bacteria pathogens, especially their biofilms, remain scarce. Furthermore, no API, neither with natural nor with other PSs has been performed on Brevundimonas spp. that are a matter of concern in both terrestrial and spacecraft settings. The present study aims to investigate whether RF-based and Chl-based API can efficiently inactivate biofilms of Brevundimonas sp. ESA1.



2 Materials and methods


2.1 Photosensitizers

Non-copperized chlorophyllin sodium salt (Chl) (MW = 684.9 g/mol) was obtained from Carl Roth (Germany). The aqueous stock solution of 0.15 mM Chl (pH = 6.8) was prepared by dissolving Chl in distilled water. Riboflavin (RF) (MW = 376.36 g/mol)) was obtained from Sigma-Aldrich (USA). Aqueous stock solution of 0.11 mM RF (pH 6.2) was prepared according to the method of Mazzotta et al. (2014): RF was dissolved in distilled water using a magnetic stirrer at 25°С in the dark. Both PSs were filter-sterilized before use for the photoinactivation experiments. All working solutions were freshly prepared by diluting them with 0.01 M PBS buffer (pH 7.4) (Carl Roth, Germany) on the day of use.



2.2 Light source

The LED-based light source (an irradiation box) (Figure 1A) for RF-API and Chl-API was developed at the Institute of Photonics and Nanotechnology of Vilnius University (VU). Two types of LEDs (402 nm and 440 nm) with emission peaks near the maximum absorption of RF and Chl (Buchovec et al., 2022) were used (Figure 1B).




Figure 1 | 3D render picture (A) of the developed illumination system (the irradiation box) and normalized emission spectra of the 402 nm (Kingbright KTDS-3534UV405B), 440 nm (Osram GD QSSPA1.14) LEDs installed into the illumination system (B).



The light irradiance at the surface of the samples reached 5, 20 and 25 mW/cm2. The irradiation dose was calculated as irradiance multiplied by irradiation time. The sample exposure time was adjusted according to the equation:

	

where E is the energy density (dose) in J/cm2, P is the irradiance (light flux density) in mW/cm2, and t is the time in seconds. The exemplary irradiation dose calculations are shown in Table 1.


Table 1 | Irradiation doses used in experiments.



The light source used for long-term irradiation of biofilms was developed and constructed as a Constant Irradiation Plate (CIP; developed in the Institute of Photonics and Nanotechnology, VU) with 1.4 mW/cm2 uniform irradiance by LEDs peaked at 450 nm (Figure 2). The CIP is a multicolor micro-controller controlled LED source for upward irradiation. The device has an internal temperature feed-back circuit to maintain irradiation stability under long-term experiments. CIP was calibrated before the experiments with a spectro-radiometer (Avantes AvaSpec-ULS2048LTEC with AvaSphere-50-LS-HAL-CAL).




Figure 2 | Constant irradiance plate 3D model (A), relative irradiance spectrum (B).





2.3 Spectrophotometric measurements of RF and Chl

Aqueous solutions of 0.011 mM RF (pH 7.4) and 0.015 mM Chl (pH 7.4) were illuminated with a LED-based light source (irradiation box) for analysis of the photostability of the PSs. The changes in the absorption spectra of RF and Chl were investigated after LED illumination at 440 nm and 402 nm, respectively. For this purpose, 200 µL of the PSs were transferred to sterile flat-bottom 96-well microtiter plates (MtP) and exposed to 5 mW/cm2 irradiance. After each irradiation dose applied separately, the samples (3 mL) were collected into cuvettes and used for spectrophotometric measurements.

The absorption spectra of both PSs solutions were recorded by means of a LAMBDA 950 UV-VIS-NIR spectrophotometer (PerkinElmer, USA) in spectral range of 300-600 nm. Polymethyl methacrylate cuvettes of 1 cm optical thickness were used for the measurements. All measurements were performed at 20 ± 2°C.



2.4 Bacterial genus confirmation by 16S rDNA analysis

Bacterial strain that was used as a model organism for RF-API and Chl-API studies was obtained from the collection of microorganisms of the Department of Microbiology and Biotechnology, Institute of Biosciences, Life Sciences Center, VU. For the confirmation of the genus of the strain, DNA sequence of the bacteria coding for 16S rRNA was amplified as described previously (Gricajeva et al., 2016) using 27F (5′-GAG AGT TTG ATC CTG GCT CAG-3′) and 1495R (5′-CTA CGG CTA CCT TGT TAC GA-3′) universal primers (METABION, Germany). Purified amplicon was sequenced at VU Life Sciences Center, Institute of Biotechnology (Lithuania). NCBI Basic Local Alignment Search Tool (BLASTn) (Altschul et al., 1990) was used for database similarity searches.



2.5 Culture conditions of planktonic bacterial cells

Bacteria were grown in Luria Bertani (LB) (Carl Roth, Germany) broth at 37°C under constant 180 rpm shaking (IKA, Germany) overnight. The overnight culture was inoculated to a fresh LB media and grown under the same conditions until optical density (OD) of 0.22 at 600 nm (OD600) corresponding to the concentration of 109 CFU/mL was reached. Bacterial cells were harvested by centrifugation (5 min, 5000 × g), resuspended in 0.01 M PBS (pH 7.4) and immediately used for the RF-API and Chl-API experiments.



2.6 Photoinactivation of planktonic bacteria

For the assay of antimicrobial inactivation of free-floating (planktonic) Brevundimonas sp. ESA1, bacterial cells of the strain were resuspended to a final concentration of 107 CFU/mL in 0.011 mM RF (pH 7.4) or 0.015 mM Chl (pH 7.4) in the dark. Solution consisting of bacterial suspension in 0.01 M PBS (pH 7.4) was used as a control. Aliquots of 200 μL of prepared mixtures of bacterial suspensions with appropriate PSs (RF or Chl, pH 7.4) or 0.01 M PBS (pH 7.4) were pipetted into sterile flat-bottom 96-well polystyrene MtP and exposed to different irradiation doses (Table 1). The light source (Figure 1A) used for the photoinactivation experiments consisted of a LED array (λ = 440 nm for RF and λ = 405 nm for Chl) with an intensity of 5 mW/cm2 at a distance of approximately 7 cm. Following irradiation, at each sampling step, withdrawn bacterial suspensions were appropriately diluted, spread on LB agar plates and incubated at 37°C for 16-36 h. Residual bacterial cell viability was determined by counting CFU. The numbers of surviving bacteria (CFU/mL) were transformed to log10 scale. CFU counts of the bacterial cells that were incubated with RF, Chl or PBS in the dark (dark controls) were also determined.



2.7 Monocultural bacterial biofilm formation in microtiter plates

For the monocultural biofilm formation bacterial strain was grown as it was described in Section 2.5 until OD600 corresponding to the concentration of 108 CFU/mL. Then 100 µL of the suspension was pipetted into sterile flat-bottom 96-well polystyrene MtP wells. MtPs with the required number of wells filled with bacterial suspension were statically incubated 20 h at 37°C. Biofilms that formed in the wells of MtP were washed three times with 0.01 M PBS (pH 7.4) in order to remove residual planktonic cells. Biofilms were further used for the API (Section 2.8). Formation of Brevundimonas sp. ESA1 biofilms in the MtP wells was verified by staining with 0.1% solution of crystal violet (Merritt et al., 2005; Trotonda et al., 2008).



2.8 Photoinactivation of biofilm

Brevundimonas sp. ESA1 biofilms were formed in MtPs as it was described in Section 2.7. For the API, the wells of the 96-well MtPs containing the biofilm were filled with 0.011 mM RF (pH 7.4), 0.015 mM Chl (pH 7.4) or 0.01 M PBS (pH 7.4) by adding 200 µL of the appropriate solution. Then biofilms were immediately placed into irradiation boxes and irradiated with 440 nm at 25 mW/cm2 or 402 nm at 20 mW/cm2 for the photoactivation of RF and Chl, respectively. The control samples were also illuminated with the same wavelength of light. Biofilms were exposed to different illumination doses (Table 1). At each step of sampling, bacterial biofilms were mechanically detached from the MtP well walls, vigorously vortexed and diluted for the further viability determination by counting CFU on LB agar plates which after the spreading of samples were incubated at 37°C for 16-36 h. The numbers of surviving bacteria (CFU/mL) were transformed to log10 scale. CFU counts of Brevundimonas sp. ESA1 biofilm-forming cells that were incubated with RF/Chl or without RF/Chl in the dark were also determined.



2.9 Viability assay of photoinactivated biofilms using alamarBlue™ by fluorescence

Following photoinactivation, additionally to residual CFU count determination after RF-API and Chl-API, viability, and metabolic function of Brevundimonas sp. ESA1 biofilms was quantitatively analyzed by evaluating their ability to reduce resazurin-based compound alamarBlue™ (Invitrogen, USA). Non-toxic reagent alamarBlue™ is used as an indicator of cellular reducing environment or cell viability and death. The reagent is modified in reducing conditions that are characteristic to viable cells and becomes detectable due to its subsequently occurring color change or/and high fluorescence. Dead or non-viable cells are not able to change the color of alamarBlue™ (Rampersad, 2012).

In the current experiment Brevundimonas sp. ESA1 biofilms after RF-API and Chl-API that caused ≥3 log10 reduction (and corresponding dark controls) were mechanically detached, vortexed and added to alamarBlue™. The volume ratio of alamarBlue™ and disrupted biofilms was 1:10. Samples were incubated 3 h at 37°C (according to the manufacturer’s recommendations) and then fluorescence changes were measured every hour (in total for 11 h) using a plate reader (Thermo Fisher Scientific Verioscan Flash, USA). Fluorescence changes were read using excitation at 560 nm and emission at 590 nm.

Percentage reduction of alamarBlue™ by fluorescence indicating cell viability or death of all RF-API and Chl-API tested groups was determined by using the equation:
% reduction of alamarBlue™ =

	,

where FI 590 is fluorescence intensity at 590 nm emission (excitation at 560 nm)



2.10 Long-term RF- and Chl-API of Brevundimonas sp. ESA1 biofilms

Long-term RF-based and Chl-based API experiments were performed to test the photoinactivation efficacy of Brevundimonas sp. ESA1 biofilm by using CIP that emits 450 nm blue light. For the long-term RF-API and Chl-API experiments, Brevundimonas sp. ESA1 biofilms were formed as described previously (Section 2.7). Wells with biofilms filled with 200 µL of 0.015 mM Chl, 0.011 mM RF and 0.01 M PBS solutions were illuminated with 450 nm light on the CIP (Figure 2A) at 1.4 mW/cm2 irradiance for 28 h (to achieve irradiation dose of 141.1 J/cm2) for RF-API and 20 h (to achieve irradiation dose of 100.8 J/cm2) for Chl-API. Irradiation doses using CIP were chosen to correspond to those that caused ≥3 log10 reduction of CFU of biofilms using irradiation boxes. The irradiation dose of long-term Chl-API was higher than using the irradiation box due to suboptimal Chl photoactivation wavelength emitted by CIP. Results of long-term irradiation were evaluated by determining CFU counts on LB plates and the ability of the photoinactivated biofilm cells to reduce alamarBlue™, as described previously (Sections 2.8 and 2.9).



2.11 Brevundimonas sp. ESA1 re-growth after photoinactivation

For the evaluation of Brevundimonas sp. ESA1 biofilm-forming cell’s capability to resuscitate and re-grow after API, mechanically detached and vortexed biofilms were inoculated into liquid LB media and incubated for 72 h at 37°C under constant 180 rpm shaking. During the incubation, OD600 of the bacteria was measured once in 24 h. Re-growth capability of the dark controls (bacterial biofilms incubated with and without RF/Chl in the dark) of Brevundimonas sp. ESA1 were evaluated in the same way as for the irradiated bacteria.



2.12 Scanning electron microscopy of biofilms

The effect of RF-API and Chl-API on the morphology of Brevundimonas sp. ESA1 biofilm were investigated by scanning electron microscopy (SEM) (CamScan Apollo 300, Cambridge, UK). For the SEM analysis biofilms were grown in MtPs as it is described in Section 2.7. After the RF-API and Chl-API treatment (as described in Section 2.8) at 25 mW/cm2 for 95 min and 20 mW/cm2 for 60 min (irradiation conditions under which 3 log10 reduction was achieved), respectively, irradiated biofilms and dark controls were mechanically detached by scraping them of the MtP well walls by pipette tip, then 10 µl of each sample was transferred on a SEM specimen stub covered with copper foil tape, air-dried at room temperature and coated with 50 nm gold layer using Q150T ES sputter coater (Quorum Technologies, Lewes, England). The scanning was performed using an electron beam with an accelerating voltage of 20 kV.



2.13 Statistical analysis

All experiments were performed at least three times (independently) and the results were reported providing mean ± SD. Students t-test and one-way ANOVA statistical tests were applied. Statistically significant differences among groups were considered when p ≤ 0.05. Graph construction was performed with Origin Pro 8.1 (OriginLab Corporation, USA) and GraphPad Prism V. 6 (GraphPad Software, USA) software. Statistical analysis was performed with GraphPad Prism V. 6 software.




3 Results


3.1 RF and Chl photostability study

Before the API of Brevundimonas sp. ESA1, the photostability of the aqueous solutions of 0.011 mM RF (pH 6.4) and 0.015 mM Chl (pH 6.8) was tested. It is known that RF absorbance spectra have four maximums: 223, 267, 373, 444 nm (Astanov et al., 2014). Therefore, the LEDs of 440 nm (irradiation box, Section 2.2) were used in experiments for the optimal excitation of RF. Chl is widely known as a water-soluble photoactive compound with the main absorption maximum at about 405 nm (Buchovec et al., 2017). Therefore, 402 nm LEDs of the irradiation box were used in experiments for the optimal excitation of Chl.

Both PSs are known to exhibit optical absorbance reduction after the activation by light. These changes show the activation dependence on excitation dose and can be used to compare the irradiation efficiency by different spectral components. We primarily studied the absorption characteristics of RF and Chl after illumination with an optimal excitation wavelength of 440 nm and 402 nm, respectively (Figure 3).




Figure 3 | Photostability as optical absorbance spectra of 0.011 mM RF (A) and 0.015 mM Chl (B) after treatment of different irradiation doses (5 mW/cm2 irradiance).



The aqueous solutions of RF are sensitive to light and degraded to various photoproducts: formylmethylflavin, lumichrome, lumiflavin, carboxymethylflavin, 2,3-butanedione, a β-keto acid and a diketo compound. The type of the photoproduct depends on the solvent, pH, buffer type, concentration, oxygen content, light intensity, and wavelengths used (Sheraz et al., 2014). Figure 3A illustrates the spectra of 0.011 mM RF (pH 6.4) after blue light irradiation at 5 mW/cm2 for several durations (0 - 30 min, corresponding to 0-9 J/cm2 irradiance doses). As shown in Figure 3A, the absorbance of 0.011 mM RF at 373 and 444 nm was dramatically decreased after 440 nm irradiation (9 J/cm2). The photodegradation experiments helped assess the level of RF stability and revealed its photodegradation products after certain illumination exposures. Studies have shown that 0.011 mM RF (pH 6.4) photodegraded and probable formation of lumichrome photoproduct is observed at 9 J/cm2 (440 nm) exposure, according to the previous studies (Buchovec et al., 2022).

Figure 3B shows the spectra recorded after illumination of 0.015 mM Chl solution (pH 6.8) in distilled water at 5 mW/cm2 for different time periods (0-30 min, which corresponds to 0-9 J/cm2 irradiance doses). The illumination at 402 nm significantly diminished the peak magnitude after 30 min (9 J/cm2).

Although PSs were photobleached after 30 min of irradiation, antimicrobial effect can still be effectively implemented. In the case of RF, photoproducts, which can serve as PSs, are produced. Additionally, 440 nm light itself can have antibacterial effect as well. In the case of Chl, after its photoexcitation ROS that can cause significant damage are produced, and further, when Chl photodegrades, the ROS produced by 402 nm itself can have an antibacterial effect (Gwynne and Gallagher, 2018; Buchovec et al., 2022; Hadi et al., 2020).



3.2 RF- and Chl-API of planktonic bacteria and biofilms

The main objective of the study was to determine the bactericidal effect of RF-based and Chl-based API on Brevundimonas sp. ESA1 monocultural biofilm, although planktonic cells were also studied. RF and Chl were used to inactivate planktonic cells and biofilm in combination with 440 nm and 402 nm lights, respectively. Moreover, Brevundimonas sp. ESA1 biofilms were subjected to RF-API and Chl-API using a lower irradiance plate emitting 450 nm light. Partial sequence of 16S rRNA gene of the microorganisms used as a model in this study was deposited in GeneBank under the accession number ON237360.


3.2.1 Photoinactivation using 402 and 440 nm LED irradiance box

Bactericidal effect of API was defined as ≥3 log10 (99.9%) reduction in count of CFU according to the National Committee for Clinical Laboratory (NCCLS), M26-A standard (Thornsberry, 1983; CLSI, 1999). The minimal required dose of irradiation for the achievement of reduction of ≥3 log10 in CFU counts of planktonic cells after RF-API was determined to be 22 J/cm2. Inactivation causing ≥3 log10 reduction in CFU counts after Chl-API required almost twice lower irradiation dose - only 11.5 J/cm2 (Figures 4A, B).




Figure 4 | The effect of RF-API (A) and Chl-API (B) on Brevundimonas sp. ESA1 free-floating (planktonic) cells. Horizontal and vertical dashed lines shown in the graphs indicate the minimal irradiation doses thet were required to achieve a 3 log10 reduction of CFU counts of the planktonic cells. +RF +440 nm: irradiated using RF, -RF +440 nm: irradiated not using RF, +Chl +402 nm: irradiated using Chl, -Chl +402 nm: irradiated not using Chl; ns – non-significant. Error bars of some points are too small to be visible.



During RF-API and Chl-API, respective samples of dark controls (samples that were incubated in the dark during/in parallel to API illuminations) were collected and analyzed by determining CFU counts as well. Respective dark controls with and without PSs (RF or Chl) during the time of its incubation parallel to the illumination experiments did not change significantly and fluctuated within appropriate limits (Table 2).


Table 2 | CFU counts of dark controls (reported in log10 scale) of the planktonic cells.



The minimal required doses of irradiation to achieve ≥3 log10 CFU reduction of Brevundimonas sp. biofilm ESA1 by RF-API and Chl-API were determined to be 138 J/cm2 and 67,5 J/cm2, respectively (Figures 5A, B). Overall, API studies revealed that Brevundimonas sp. ESA1 in its sessile and planktonic growth modes is more sensitive to 402 nm light in combination with Chl.




Figure 5 | The effect of RF- (A) and Chl-API (B) on Brevundimonas sp. ESA1 biofilm. Horizontal and vertical dashed lines shown in the graphs indicate the minimal irradiation doses that were required to achieve 3 log10 reduction of CFU counts of the tested bacterial biofilm. +RF +440 nm: irradiated using RF, -RF +440 nm: irradiated not using RF, +Chl +402 nm: irradiated using Chl, -Chl +402 nm: irradiated not using Chl; ns – non-significant. Error bars of some points are too small to be visible.



During RF-API and Chl-API, respective samples of dark controls were collected and analyzed by determining CFU. Respective dark controls with and without PSs (RF or Chl) during the time of its incubation parallel to the illumination experiments did not change significantly and fluctuated within appropriate limits, as well (Table 3).


Table 3 | CFU counts of dark controls (reported in log10 scale) of the biofilm.



It was also determined that effective inactivation of Brevundimonas sp. ESA1 biofilms using 402 nm light irradiation without Chl can also be achieved. Although, to reach the minimal 3 log10 reduction, a higher dose of ~95 J/cm2 was required compared to Chl-based photoinactivation (Figure 5B).

For a better understanding of the intrinsic sensitivity of the Brevundimonas sp. ESA1 biofilms to the 402 nm light, high irradiation doses were also applied on the planktonic state cells. Results showed that planktonic cells of Brevundimonas sp. ESA1 are also sensitive to 402 nm light irradiation without using appropriate PS. Compared to biofilm, ~60 J/cm2 dose of 402 nm light was needed to achieve ≥3 log10 reduction of CFU counts. Either way, the photoinactivation of Brevundimonas sp. ESA1 biofilms solely by 402 nm light need to be studied in more detail to make unquestionable conclusions about the reasons and internal mechanisms of such sensitivity. Nevertheless, both planktonic and biofilm states Brevundimonas sp. ESA1 were generally determined to be more effectively killed by light (both 402 and 440 nm) in combination with the corresponding Chl and RF PSs used in this work. In addition, compared to the use of light only, using light in combination with PSs ensures that bacteria will not develop resistance to this antibacterial technology.



3.2.2 Photoinactivation using constant 450 nm irradiation plate

One of the possibilities to practically apply 402 or 440 nm illumination (in hospitals, food settings or spacecraft) to ensure API is to increase the blue part of the general illumination light sources. However, general illumination light sources (even if re-worked to have API function) cannot provide such high irradiance on a wide surface, e.g., 5 mW/cm2 and higher values that were used in this work to have a bactericidal effect on planktonic and sessile bacterial cells. Therefore, irradiation for more than 24 h to achieve the desired illumination doses should be considered. To test the long-term illumination, an experiment using constant lower irradiance (1.4 mW/cm2) plate emitting only 450 nm blue light was used (Figure 2A). Such a “Royal blue” color illumination spectra was chosen since it is widely used in LED-based illuminations systems from plant or aquarium illumination, color lighting to general lighting (part of white light). Furthermore, modern LEDs are achieving extraordinarily high efficiency compared to other light sources. In the current study, only Brevundimonas sp. ESA1 biofilm was subjected to a long-term API using a CIP.

Results of API of Brevundimonas sp. ESA1 biofilm using CIP at 1.4 mW/cm2 showed that long illumination using lower irradiance in combination with either RF or Chl or even without any PSs could be highly effective. For RF-API, irradiation time of 28 h using CIP was equal to a dose of 141.1 J/cm2, and for Chl-API, irradiation time for 20 h ensured a dose of 100.8 J/cm2 (Figure 6). Such long-term irradiation time were used for testing since it was determined that RF-API and Chl-API doses of 138 J/cm2 and 67.5 J/cm2, respectively, ensure ≥3 log10 reduction of CFU when using LED irradiation boxes (Figures 5A, B). Long-term Chl-API resulted in >4.3 log10 CFU count reduction of the biofilm (Figure 6), although 450 nm irradiance is not optimal for the photoexcitation of Chl. In the previous experiment using the irradiation box emitting 402 nm at 20 mW/cm2 in combination with Chl, a dose of 67,5 J/cm2 was needed to achieve a minimal 3 log10 reduction of CFU count of Brevundimonas sp. ESA1 biofilm (Figure 5B). Long-term Chl-API irradiation time for the achievement of minimal 3 log10 reduction can be probably reduced.

Long-term RF-API resulted in ≥3.3 log10 reductions of CFU counts of the biofilm (Figure 6). The latter result corresponds to the one obtained using the irradiation box (440 nm at 25 mW/cm2 dose 138 J/cm2) (Figure 5A). Long-term illumination of the biofilm without PSs resulted in a bactericidal effect (>3 log10 CFU reduction) as well. Therefore, long-term irradiation is efficient not only with RF but also Chl, even though 450 nm is not optimal for the photoexcitation of Chl. Interestingly, long-term blue light (450 nm) irradiation used without PSs is also highly effective in killing Brevundimonas sp. ESA1 biofilm caused ≥3.4 log10 CFU count reduction of the biofilm.




Figure 6 | Effect of long-term Chl- and RF-API using CIP at 1.4 mW/cm2 (450 nm). +Chl+450 nm/-Chl+450 nm – irradiated 20 h with and without Chl, respectively; +RF+450 nm/-RF+450 nm – irradiated 28 h with and without RF, respectively; -PS+450 nm/-PS-450 nm – irradiated and not irradiated 20-28 h without PSs (Chl or RF), respectively.






3.3 Biofilm viability study using alamarBlue™

Brevundimonas sp. ESA1 biofilm viability after the RF-API and Chl-API (using the irradiation box and irradiation plate) was also investigated by analyzing biofilm-forming cells’ ability to reduce resazurin-based dye alamarBlue™. The latter helps monitor the living cell’s reducing environment and quantitatively measure its viability changes. The dye is water-soluble, non-toxic and permeates cell membranes easily; it is stable (even in culture media) and, therefore, long monitoring is possible. The main active component of alamarBlue™ – resazurin is a redox indicator and has an oxidation-reduction potential (E0) of +380 mV at 25°C, pH 7. In a living cell, resazurin (oxidized form) that is blue and non-fluorescent can be reduced in multiple metabolic reactions (by NADPH (E0 = 320 mV), FADH (E0 = 220 mV), dihydrolipoamine dehydrogenases, NAD(P)H:quinoneoxidoreductases, etc.) to resofurin (reduced state) which has pink color and is highly fluorescent. The change from oxidized to reduced state allows quantitative colorimetric and fluorometric measurements, which in turn allow to determine cell health and viability (Rampersad, 2012; Bonnier et al., 2015). In this study alamarBlue™ changes from reduced to the oxidized state were measured by determining changes in fluorescence.

Viability determination via testing of photoinactivated Brevundimonas sp. ESA1 biofilm’s ability to reduce alamarBlueTM showed that 3 log10 CFU count reduction causing RF-API (irradiation dose ~138 J/cm2) and Chl-API (irradiation dose ~67.5 J/cm2) induced cellular changes that lead to the inability to reduce alamarBlue™. Such findings approve previously achieved results that Brevundimonas sp. ESA1 biofilm after the RF- and Chl-API suffers significant viability loss.

Calculated percentage reduction of alamarBlue™ during the recorded time of incubation of appropriately photoinactivated biofilm, and the dye did not reach more than 15% (Figure 7A) and 10% (Figure 7B) after RF-API (+RF+440 nm) and Chl-API (+Chl+402 nm), respectively. The biofilm irradiated with 440 nm light without RF (-RF+440 nm) could reduce alamarBlue™, and the ability grew during the incubation time until 8-9 h. At the later time point, percentage reduction reached ~68%; however, subsequent decline was further determined. Dark control biofilm that was incubated with RF (+RF-440 nm) showed an upward dye percentage reduction ability trend with a maximum of ~70% reached at 10-11 h. The biofilm that was incubated in the dark without RF (PBS buffer was used instead) showed increasing alamarBlue™ percent reduction ability during the time of incubation and reached maximum ~85% at 11 h of incubation. Test groups that were irradiated without RF (-RF+440 nm) and incubated (dark control) with RF (+RF-440 nm) had a rather strong ability to reduce the alamarBlue™, which means that the mentioned conditions of treatment of biofilms did not significantly affect the viability (Figure 7A). Test groups of biofilms that were irradiated without Chl (-Chl+402 nm) or incubated in the dark with (+Chl-402 nm) or without Chl (-Chl-402 nm), exhibited similar alamarBlue™ percentage reduction values (Figure 7B) as it was determined after RF-API (Figure 7A).




Figure 7 | Brevundimonas sp. ESA1 biofilm ability to reduce alamarBlue™ after API: (A) - RF-API (440 nm at 25 mW/cm2 until dose of 138 J/cm2 was reached) and (B) – after Chl-API (402 nm at 20 mW/cm2 until dose 67.5 J/cm2 was reached) using the irradiation box; (C) - after RF-API (450 nm at 1.4 mW/cm2 until dose of 141.1 J/cm2 was reached) and (D) - Chl-API (450 nm at 1.4 mW/cm2 until the dose of 100.8 J/cm2 was reached) using irradiation plate. Described irradiation doses ensured the reduction of ≥3 log10 in CFU counts. Designations: A, B - +RF+440 nm/-RF+440 nm, +Chl+402 nm/-Chl+402 nm: biofilms irradiated by 440 nm or 402 nm with/without 0.011 mM RF or 0.015 mM Chl, respectively; +RF-440 nm/-RF-440 nm, +Chl-402 nm/-Chl-402 nm: dark controls where biofilms were and were not, respectively, incubated with 0.011 mM RF or 0.015 mM Chl; C, D - +RF-450 nm/-RF-450 nm, +Chl-450 nm/-Chl-450 nm: dark controls of long-term irradiation experiment where biofilms were and were not, respectively, incubated with 0.011 mM RF or 0.015 mM Chl. In cases where irradiation or incubation without PSs was performed, 0.01 M PBS (pH 7.4) was used.



In general, viability testing with alamarBlue™ after RF-API and Chl-API (using the irradiation box) confirmed the results obtained by determining CFU counts of surviving cells.

After the photoinactivation using 450 nm CIP at 1.4 mW/cm2 in combination with RF and Chl, the biofilm of Brevundimonas sp. ESA1 exhibited, respectively, only less than 10% or no alamarBlue™ reduction activity. Such results indicate that irradiation using a low irradiance intensity plate for a long period of time caused a significant or total viability loss when using RF or Chl, respectively, compared to AFI using the irradiation box. The control biofilm group that was irradiated with 450 nm without RF or Chl (PBS buffer was used instead of PSs) showed the ability to reduce no more than 20% of alamarBlue™ during all the incubation period (Figures 7C, D). Dark control groups, where biofilm was incubated with RF or Chl (groups +RF-450 nm and +Chl-450 nm, respectively) in the dark for an amount of time corresponding to the irradiation time that was used to cause ≥3 log10 CFU reduction, showed a low percentage ability of alamarBlue™ reduction. The percentage reduction of the latter tended to grow; however, in the last 4 h of incubation of biofilms with the alamarBlue™ it reached maximal values that were ~60% (Figures 7C, D). In comparison to +RF-440 nm, +Chl-402 nm and -RF-440 nm, -Chl-402 nm groups that were incubated for a shorter time using the irradiation box, +RF-450 nm, +Chl-450 nm and -RF/-Chl-450 nm after the long dark incubation showed ~20% lower ability to reduce alamarBlue™. The prolonged incubation that was carried out in the study with CIP could itself have a negative effect on reduction capability that reflects the viability of the biofilm. A negative effect on cell viability could have occurred due to the lack of nutrients during the long incubation time.



3.4 Regrowth of RF-API and Chl-API treated biofilm-forming cells

The ability of the Brevundimonas sp. ESA1 biofilm to resuscitate and grow in the planktonic state in nutrient-rich liquid LB media (in which planktonic cells for biofilm formation were routinely grown) was lost following irradiation with 450 nm at 1.4 mW/cm2 for 20 (Chl-API) and 28 h (RF-API). No changes in OD600 of the +RF+450 nm and +Chl+450 nm groups were detected for 72 h (Table 4).


Table 4 | Ability of the biofilm-forming Brevundimonas sp. ESA1 cells to regrow in LB media after long-term RF-API and Chl-API (+RF+450 nm and +Chl+450 nm, respectively) using CIP, irradiation without PSs (-PSs(+PBS)+450 nm).



Regrowth analysis of the biofilm test group, which was illuminated with 450 nm without PSs (-PS+450 nm) showed that for the first 48 h the growth did not occur; however, on the third day (in 72 h) OD600 reached 1.96 ± 0.02. Irradiation with 450 nm without PSs delayed regrowth for 2 days. All the tested dark controls (+RF-450 nm, +Chl-450 nm, -PSs(+PBS)-450 nm) demonstrated the ability to regrow (Table 4).

Regrowth of Brevundimonas sp. ESA1 biofilm following 3 log10 CFU reduction causing RF- and Chl-API using the irradiation box did not occur for 48 h (OD600 = 0) but bacteria visibly resuscitated on the third day of cultivation in LB with OD600 values reaching 3.55 ± 0.07. Biofilms that were illuminated either with 402 or 440 nm regrew up to OD600 values equal to 3.5 ± 0.70 and 3.65 ± 0.91, respectively, on the second day of growth measurement. Illumination in combination with PSs and sole illumination delayed the regrowth of Brevundimonas sp. ESA1 for 2 and 1 day, respectively. Biofilms that formed dark control groups did not have such lag phases. OD600 changes of all tested biofilm groups after the photoinactivation using the irradiation box are shown in Table 5.


Table 5 | Ability of the biofilm-forming Brevundimonas sp. ESA1 cells to regrow in LB media after short-term RF- and Chl-API (+RF+440 nm and +Chl+402 nm, respectively) using the irradiation box, irradiation without PSs (-RF+440 nm and -Chl+402 nm).



The studies of the ability of the biofilm cells to regrow in suspension and previous viability testing experiments via evaluation of alamarBlue™ reduction after the RF- and Chl-API have revealed that, apparently, some cells after the RF-, Chl-API or irradiation without PSs enter viable but non-culturable state (VNBC). Such a conclusion was made since some photoinactivated biofilm test groups were metabolically active (reduced alamarBlue™) but at the same time did not grow in the liquid nutritionally rich LB medium. The biofilm that was exposed to 450 nm light (test group +450 nm -RF/-Chl (+PBS)) was metabolically active and reduced alamarBlue™ for more than 11 h up to ~20% (Figure 7C). However, its OD600 values over 48 h were equal to 0 with subsequent growth detection at 72 h (Table 4). Such results indicate that only a part of the cells entered a VBNC state which was a cause of bacterial resuscitation, while most biofilm cells did not survive after exposure. VBNC state was also induced in Brevundimonas sp. ESA1 biofilm cells were exposed to RF-API (+RF+440 nm test group) and Chl-API (+Chl+402 nm test group) using the irradiation box. Biofilms of these test groups after appropriate PS-based photoinactivations could reduce alamarBlue™ up to ~60-70% at 12-14 h incubation points (Figures 7A, B), but at the same time cell growth in LB media was not detected for 48 h. Subsequently, bacteria resuscitated only on the third day of growth, reaching OD600 corresponding to those measured for the dark controls (Table 5), meaning that most of the bacterial cell population transitioned to VBNC state. Biofilm cells that were exposed to 402 or 440 nm irradiation without PS, recovered faster than those that were subjected to photoinactivation in combination with PSs (Table 5).



3.5 Scanning electron microscopy

Scanning electron microscopy revealed that RF-API and Chl-API using the irradiation box at doses of 138 J/cm2 and ~70 J/cm2, respectively, have induced changes in biofilm cell morphology of investigated bacteria compared to untreated cells (Figure 8).




Figure 8 | SEM images of Brevundimonas sp. ESA1 biofilm cells: untreated (-hV –PS: no PSs (RF nor Chl) in dark conditions); after RF-API: 440 nm +RF (treated with 0.011 mM RF and irradiated by 440 nm up to 140 J/cm2), 440 nm -RF (not treated with 0.011 mM RF prior to irradiation, cells were covered with 0.1 M phosphate buffer (pH 7.4) and irradiated by 440 nm up to 140 J/cm2), dark +RF (biofilms treated with 0.011 mM RF and incubated in the dark for an amount of time corresponding to time needed to achieve 140 J/cm2); after Chl-API: 402 nm +Chl (treated with 0,015 mM Chl and irradiated by 402 nm up to 70 J/cm2), 402 nm -Chl (not treated with 0,015 mM Chl prior to irradiation, cells were covered with 0.1 M phosphate buffer (pH 7.4) and irradiated by 402 nm up to 70 J/cm2), dark +Chl (biofilms treated with 0,015 mM M Chl and incubated in the dark for an amount of time corresponding to time needed to achieve 70 J/cm2).



After both RF-API and Chl-API, mechanically detached biofilm cells appeared to have disrupted and perforated cell walls, and some appeared lysed. Significant morphological changes were also seen after irradiation with 402 nm without using Chl. That is a logical outcome since CFU count analysis after irradiation has shown that 402 nm light without PS can have a reducing effect on viability as well (Figure 5B). Cells of the dark controls did not have any noticeable damage to the cell walls, but the surface of those incubated in the dark with RF did not look as smooth as after incubation with Chl.




4 Discussion


4.1 Photoinactivation of Brevudimonas sp. ESA1

This study was the first to demonstrate the efficiency of the RF- and Chl-mediated photoinactivation of Brevundimonas sp. ESA1 biofilms. In particular, it was shown that Chl-based API required half the irradiation dose compared to RF-API. Therefore, Chl-API can be considered a more effective method for the inactivation of studied biofilms and planktonic cells. Moreover, it was determined that effective inactivation of Brevundimonas sp. ESA1 biofilms using 402 nm light irradiation without Chl can also be achieved. Although to reach the minimal 3 log10 reductions, a higher dose was required compared to Chl-based photoinactivation (95 J/cm2 instead of 67.5 J/cm2). Such phenomenon has not been observed after RF-API and Chl-API of Brevundimonas sp. ESA1 planktonic cells in the used dosage range of the photoinactivation. The use of PS, in the case of Chl-API of Brevundimonas sp. ESA1 biofilm can be considered redundant/unnecessary to achieve inactivation (bactericidal or bacteriostatic effect). The fact that biofilms can be sensitive to light without PSs can have practical significance in facilitating the application of the technology in systems where spreading PSs can be complicated, e.g., in a spacecraft environment, where microgravity conditions prevail. However, the cause of Brevundimonas sp. ESA1 to be sensitive, particularly in its biofilm form to 402 nm only (without Chl) is currently unknown. In general, the sensitivity of biofilms to blue light can be explained by the fact that bacteria can have endogenous porphyrins that can be sensitized by 402 nm and can generate ROS, resulting in cellular photo-oxidative reactions that initiate various cellular damages and death; the light can also activate prophages that cause bacterial cell lysis (Ferrer-Espada et al., 2019). A few studies have shown that biofilms of different Gram-negative (Salmonella, Escherichia coli O157:H7, etc.) bacteria can be equally sensitive or even more sensitive to irradiation compared to planktonic cells (Niemira and Solomon, 2005; Niemira, 2007; Niemira, 2010). The sensitivity to API of the biofilm and the planktonic cells of bacteria can be different and depend on the metabolic states and the growth phase as well (Blee et al., 2020). It can also be assumed that the cause of the higher sensitivity of the Brevundimonas sp. ESA1 biofilm to the 402 nm light is somehow associated with its extracellular polymeric matrix (Flemming and Wingender, 2010). Although, EPS is usually the cause of the higher doses needed to inactivate bacteria in sessile form compared to planktonic cells. For example, this study’s experimental results have shown that about 6 times higher irradiation doses are needed to achieve the bactericidal effect on biofilms compared to planktonic cells. Therefore, the improvement of API technology for the more effective killing of bacterial biofilms should be certainly considered. The efficiency of API can be improved by testing higher concentrations of PSs, a step of preincubation with PSs before irradiation and synergy studies. Additionally, using antimicrobials can be done as well.

API is a two-stage technology consisting of the natural PS, which must be applied on a surface, and an illumination system providing a sufficient dose of light to inactivate bacteria. This makes it complicated, especially for the application in microgravity conditions, and requires a well-developed application plan as well as proper engineering solutions. Reworking of currently installed lighting fixtures (e.g. SSLAs on ISS), increasing the blue part of the general lightning, and long irradiation time could be one of the options. Based on this assumption, to test the long-term illumination, an experiment using constant lower irradiance (1.4 mW/cm2) plate emitting only 450 nm blue light was used (Figure 2A). Such color illumination spectrum was chosen since it is widely used in LED-based systems such as general lighting (part of white light).

Results of API of Brevundimonas sp. ESA1 biofilm using CIP at 1.4 mW/cm2 showed that long illumination using lower irradiance in combination with either RF or Chl or even without any PSs could be highly effective. However, some additional long-term irradiation experiments using CIP can be performed to evaluate the 450 nm effect in combination with RF, Chl or without the use of PSs, and if the internal porphyrins might have had a significance for the API of the Brevundimonas sp. ESA1. The latter phenomenon has already attracted increasing attention and several studies have shown that blue light, particularly in the wavelength range of 405–470 nm has intrinsic antimicrobial effect on different microbes including Gram-positive and Gram-negative bacteria without the addition of exogenous PSs (Dai et al., 2012; Hoenes et al., 2018; Gwynne and Gallagher, 2018: Hadi et al., 2020). Nevertheless, long-term irradiation indeed showed to be effective and promising for practical implementation of API customization. However, reworking installed lighting fixtures or sending additional API-dedicated illumination to spacecraft definitely results in extra expenses that must be evaluated and weighted in detail. On the other hand, when developing new modules for ISS or other space missions, the API could be considered an antimicrobial technique. Therefore, if performed on earth, the integration of API illumination systems would have a neglectable effect on the total costs and weight of the project.



4.2 Transition of Brevundimonas sp. ESA1 to VBNC state

Viability testing with alamarBlue™ after RF-API and Chl-API (using the irradiation box and CIP) confirmed the results obtained by determining CFU counts of surviving cells. However, alamarBlue™ reduction studies in addition to bacterial regrowth studies, had shown that Brevundimonas sp. ESA1 biofilm cells, after the application of RF-API and Chl-API, enter VBNC state.

Only a few published studies announce the transition of certain bacterial species to the VBNC state after exposure to blue light or violet-blue lights (Abana et al., 2017; Hoenes et al., 2018).

In general, VBNC state is characteristic to non-spore-forming, usually Gram-negative bacteria and appears under various stressful conditions. VBNC cells may be resuscitated back to cultivable cells under suitable stimuli. The conditions that trigger the induction of the VBNC state and resuscitation can be different for different bacteria species, e.g., pathogens usually resuscitate only in vivo (Li et al., 2014; Zhang et al., 2021). This study was the first to demonstrate that bacteria belonging to the genus Brevundimonas sp. ESA1 can enter the VBNC state after its photoinactivation and in some cases resuscitate in nutrient-rich conditions. Moreover, undesired growth after the long-term RF- and Chl-API is unlikely to occur even in nutrient-rich environments.



4.3 Guidelines for further research and development of API in space conditions

Despite the efficiency of Chl- and RF-based API against Brevundimonas sp. ESA1 and other bacteria (that was demonstrated elsewhere), use of the PSs have a huge potential for improvement. For example, the mixes of PSs and the combinations of PSs with polymers and other materials can be investigated. Moreover, an in-depth investigation of the long-term, low-irradiance API technologies could help find photoinactivation solutions under general or natural lighting conditions.

Design and development of the API PS solution already integrated into the newly developed space premises and/or modules should be considered in order to apply the technology conveniently in conditions of low gravity. If the integration of the PSs is not possible, investigation and design of API application techniques (e.g. sprinklers) in microgravity conditions must be considered as well.




5 Conclusions

API based on natural PSs RF or Chl and illumination by blue light (402-450 nm) has the potential to be applied as an antimicrobial technique against planktonic and, most importantly, more recalcitrant biofilm form of Brevundimonas sp. ESA1. Recently, some species of the latter bacterial genus have been revealed as a global opportunistic pathogen that can be dangerous for individuals with chronic underlying diseases and immunocompromised people. Brevundimonas spp. are abundant in terrestrial and even confined spacecraft environments.

The main advantage of the RF- and Chl-mediated API compared to other antimicrobial methods is that this technology is non-toxic and could be safely used in closed-loop, food, drinking water, and other systems as an antimicrobial technology posing no risk to humans or other living creatures. Moreover, there has been only a neglectable or no resistance development towards API observed since the beginning of its use. Implementing the API technology in the confined systems as spacecraft, its application could consist of three steps, in particular, preparation of the aqueous solutions of the PSs, application of the PSs on the target surface, and irradiation of that surface by the required light spectrum and sufficient light amount (dose).

In this work, by comparing the optical absorption spectra of the PSs and irradiance spectra of LEDs, it was determined that 402 nm and 440 nm are optimal to excite Chl and RF, respectively. Photostability experiments showed the photomodifications of both PSs under the conditions subsequently used to inactivate Brevundimonas sp. ESA1. Besides the demonstration of the RF-based and Chl-based API conditions needed to inactivate Brevundimonas biofilms using two different illumination systems, a study of the API treated bacteria to reduce alamarBlue™ and regrowth studies revealed that Brevundimonas sp. ESA1 enters VNBC state without resuscitation after long-term irradiation in conditions tested in this work.

Nevertheless, further investigation of the API applicability should be carried out, focusing on certain application areas such as HVAC, water supply, sanitary systems, plant growth facilities, etc.
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A. baumannii is a common clinical pathogen that often causes pneumonia and bloodstream infections in ICU patients. Sequence types (ST) are used to investigate the distribution and spread of A. baumannii. Biological characteristics such as virulence and resistance may play a role in A. baumannii becoming a specific dominant ST(DST,ST191, ST195 and ST208) strain. To characterize the biological, genetic, and transcriptomic differences between the DST and non-dominant ST(NST,ST462 and ST547,etc.) strains in A. baumannii, we performed several biological experiments and genetic, and transcriptomic analyses. The DST group displayed more resistance ability to desiccation, oxidation, multiple antibiotics, and complement killing than the NST group. However, the latter had higher biofilm formation ability than the former. The genomic analysis showed the DST group exhibited more capsule-related and aminoglycoside-resistant genes. Besides, GO analysis indicated that functions involved in lipid biosynthetic, transport, and the metabolic process were up-regulated in the DST group, while KEGG analysis manifested that the two-component system related to potassium ion transport and pili were down-regulated. In short, resistance to desiccation, oxidation, multiple antibiotics, and serum complement killing are important reasons for the formation of DST. Genes related to capsule synthesis and lipid biosynthesis and metabolism play an important role at the molecular level in the formation of DST.
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1  Introduction



A. baumannii is a Gram-negative bacterium that causes a number of clinically important, life-threatening infections including ventilator-associated pneumonia, bloodstream infections, and intracranial infections (Joly-Guillou, 2005; Maragakis and Perl, 2008; Freire et al., 2016). Furthermore, because of its inherent antibiotic resistance and the ease with which it acquires resistance elements from elsewhere to develop multidrug resistance, carbapenem-resistant A. baumannii has become a common clinical pathogen and is listed by WHO as a pathogenic bacterium requiring priority development of new antibacterial drugs (World Health Organization; Lee et al., 2017).


ST is often used to investigate the prevalence, transmission, and outbreaks of A. baumannii clones in different regions or hospitals, and thus to assist in formulating appropriate hospital infection control measures (Schultz et al., 2016). Several studies, in different regions of China, have shown that ST191, ST195, and ST208 (Oxford scheme) are the most prevalent A. baumannii ST types isolated (Deng et al., 2014; Xiao et al., 2016; Ning et al., 2017; Zhou et al., 2018). ST208 and ST191 accounted for 58.7% and 10.9%, respectively, of strains isolated in Shanghai, whereas 41.7% and 13.1% of the strains isolated in the south of China were ST195 and ST208, respectively. ST191 was also shown to be the most prevalent strain in Korea (Son et al., 2020). Consequently,we define ST191 ST195 and ST208 these top three dominant ST types as the DST, and the other ST types including ST462, ST547 and STn(new types of numbers not yet assigned) as non-dominant sequence type(NST).


Studies have shown that the outer membrane protein OmpA, phospholipase, capsule capsular polysaccharide(CPS), iron acquisition system, efflux pump, Csu chaperone usher-type pilus, and secretion system are all important virulence factors of A. baumannii (Harding et al., 2018). Moreover, the ability to survive in unfavorable environments has been suggested as an important virulence strategy. Indeed, it has been reported that specific ST strains are highly virulent and correlate with poor clinical prognosis in infected patients (Yoon et al., 2019).


Although desiccation resistance has been reported to contribute to the spread and persistence of type-specific A. baumannii in the hospital setting (Giannouli et al., 2013). The factors that facilitate the generation of DST, and the phenotypic and genotypic differences between DST and NST strains of A. baumannii, have not been fully elucidated. We combined biological experiments with genomic and transcriptomic analysis, therefore, to comprehensively elucidate the biological properties, especially those relating to virulence and resistance, that differentiate DST and NST strains.





2  Materials and methods




2.1  Isolates, culture conditions, and susceptibility tests


All A. baumannii strains were isolated from a tertiary, first-class teaching hospital in East China, and the strain number, ST type, etc. are shown in 
Table S1
. 10 strains of ST191, 12 strains of ST195, 11 strains of ST208, 10 strains of ST462, and 9 strains of ST547, total 52 strains were used for each biological experiments. Two strains from each ST type above, plus two STn strains, a total of 12 strains were selected for subsequent genomic and transcriptomic analysis based on their ability to resist complement killing. The antimicrobial susceptibility of all A. baumannii isolates was determined using agar dilution according to the Clinical and Laboratory Standards Institute (CLSI) guidelines from 2020. Resistance breakpoints determined by the European Committee on Antimicrobial Susceptibility Testing (EUCAST) were used for polymyxin B.





2.2  Growth curves


Growth curves were performed as described previously with slight modifications (Hall et al., 2014) Briefly, A. baumannii in the log-phase of growth were adjusted to 0.5 absorbance units (OD600) and diluted 50-fold with LB medium. Aliquots (200 μl) were added to a 96-well plate, placed in a microplate reader at 37°C, and shaken for 5 s every 30 min, and the OD600 was measured for 24 h.





2.3  Desiccation resistance assays


Desiccation resistance assays were completed as previously described (Boll et al., 2015) Log-phase A. baumannii were harvested and washed twice with an equal volume of LB medium. Each sample was adjusted to 1×108 CFU/ml and then serially diluted and plated to determine the input CFU. Bacterial suspension (10 μl) was spotted onto 96-well polystyrene plates and desiccated at 30°C at a humidity of 40%. PBS (200 μl) was added to each well to resuspend the bacteria after 48 h and 96 h, respectively, and the resuspended bacteria were serially diluted and plated to calculate the output CFU. The percent of survival was defined as the ratio of output to input CFUs.





2.4  Oxidative killing assay



A. baumannii in the log-phase of growth were adjusted to OD600 = 0.5 and spread evenly on an MH agar plate. A sterile filter paper disk with a diameter of 6 mm was placed in the middle of the inoculated agar, and 10 μl 20% (v/v) hydrogen peroxide was pipetted onto the filter paper. The plates were incubated at 37°C for 18 h, after which the growth inhibition zone around the disk was measured using Vernier calipers.





2.5  Antiserum complement killing


Blood collected from healthy volunteers was centrifuged and filtered with a 0.22 μm pore size syringe filter to obtain sterilized serum. Half of the serum was inactivated by heating in a 56°C water bath for 30 min. A. baumannii in the log-phase of growth were adjusted to 2 × 106 CFU/ml and mixed with normal or inactivated serum at a ratio of 1:9, respectively. After incubation for 1 h at 37°C, samples were serially diluted and spread on MH agar plates. After overnight incubation at 37°C, bacteria colonies were counted, and the bacterial survival rate was calculated by the following formula: Bacterial survival rate = (number of colonies in normal serum/number of colonies in inactivated serum) × 100%.





2.6  Biofilm formation



A. baumannii in the log-phase of growth were adjusted to 0.5 absorbance units (OD600), before 200 μl aliquots were pipetted into the wells of a 96-well plate. Bacteria were cultivated in an incubator for 24 h at 37°C and 5% CO2, to allow biofilm formation, before nonattached bacteria were removed from the wells by aspiration. Biofilms were gently washed with ddH2O, after which the 96-well plate was inverted on absorbent paper for 15 min at room temperature. Biofilm cells were fixed by adding 4% (v/v) paraformaldehyde to each well for 20 min and were then stained with 1% (w/v) crystal violet for 15 min. Biofilms were washed thoroughly with ddH2O, before the bound crystal violet was eluted with 200 μl 95% ethanol, and were then incubated at 37°C for 30 min. The crystal violet eluted from each biofilm was measured colorimetrically at OD570.





2.7  G. mellonella larvae infection



A. baumannii in the log-phase were adjusted to 1× 107 CFU/ml. G. mellonella larvae weighing ~300 mg was divided randomly into groups, with each group containing 15 larvae. Each larva was infected with 10 μl of the adjusted bacterial suspension, incubated at 37°C, and observed once every 12 h for 3 days. Larval survival status was assessed using the acupuncture method, and no response was considered as death.





2.8  Whole genome sequencing and genome analysis



A. baumannii genomes were extracted using QIAamp DNA Mini Kit (QIAGEN, Valencia, CA), whole genome sequencing was performed by Illumina HiSeq 2500 (Illumina, San Diego, CA), and the raw sequencing results were quality-controlled using FastQC v.0.11.5. Trimmomatic v.0.40 was used to trim splice regions. The trimmed reads were assembled and annotated by SPAdes(http://cab.spbu.ru/software/spades/) v.3.6 and RAST(https://rast.nmpdr.org/), respectively. Antibiotic resistance genes and virulence genes were identified using the ResFinder (Bortolaia et al., 2020) and VFDB databases (Chen et al., 2016), respectively, with 80% identity and 80% query coverage as the cutoff values.





2.9  RNA sequencing and quality control



A. baumannii RNA library preparation, construction, sequencing, and processing of reads were performed at the Novogene Co., Ltd. (Beijing, China). The raw data were first processed by a Perl script to remove reads with adapters, those containing poly-N and low-quality reads. The sequencing error rate for a single base position should be less than 1% and no more than 6% (
Table S2
). All the analyses below were based on high-quality clean data.





2.10  Quantification of gene expression levels and analysis of differentially expressed genes (DEGs)


Clean reads were mapped to A. baumannii MDR-ZJ06 (accession No. CP001937.2) using Bowtie2-2.2.3. Counting the reads numbers mapped to each gene was achieved using HTSeq v0.6.1. Differential expression analysis for the DST and NST groups was performed using the DESeq R package (1.18.0), and p-values were corrected using the Benjamini–Hochberg method to control for false discovery rate (Glickman et al., 2014). Genes for which corrected p-values <0.05 were obtained, after DESeq processing, were defined as differentially expressed.





2.11  GO, COG, and KEGG enrichment analysis


Gene ontology (GO) enrichment analysis of DEGs was performed using the GOseq R package. GO terms with p-values less than 0.05 were considered significantly enriched for DEGs. Subsequently, the COG database was used to identify the functions of the proteins encoded by the DEGs. KOBAS software was used to test the statistical enrichment of DEGs in the KEGG pathway.





2.12  Quantitative real-time PCR


For analysis of expression of specific genes, A. baumannii RNA was first stabilized with RNA protection solution (Qiagen, 74124) and then extracted and purified according to the instructions of the RNeasy Mini Kit (Qiagen, 74104). One microliter RNA was added to nine microliter reaction buffer from the PrimeScript™ RT reagent Kit (Takara, RR037A) in the appropriate ratio, and then reverse transcribed to generate cDNA as follows: 37°C for 15 min, 85°C for 5 sec, and 4°C. cDNA was added to the reaction system of the TB Green® Premix Ex Taq™ (Takara, 420A), and PCR was carried out as follows: 95°C, 30 s for one cycle (stage 1); 95°C, 5 s, 60°C, 34 s for 40 cycles (stage 2); and 95°C, 15 s, 60°C,1 min, 95°C 15 s (stage 3). The genes and primers used are shown in 
Table S3
, and recA was selected as the internal reference. The relative expression of different genes was calculated by the 2-ΔΔCt method.





2.13  Statistics


Statistics were performed using prism9. Two groups were compared using the Mann-Whitney t-test, and the five groups were compared using a one-way ANOVA, with horizontal lines representing means ± standard error of means; *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001.The biological experiments were repeated at least three times, except for the growth curve experiment and anti-desiccation assay, where two biological replicates were done, and the biofilm experiment, where four biological replicates were done.






3  Results




3.1  Comparison of the biological functions of DST and NST groups


We first compared their growth and there was no difference in the growth rates of strains in the two groups (
Figure S1
, p = 0.42).


As resistance to desiccation and oxidative stress are essential for the persistence of A. baumannii in the medical environment, we compared their abilities in these two aspects. After 96 h of desiccation, strains in the DST group had a mean survival rate of 10.38%, while strains in the NST group had a mean survival rate of 5.13% (p < 0.0001; 
Figure 1A
). Moreover, the oxidative stress analysis showed that the hydrogen-peroxide-induced growth inhibition zone for the DST group was lower than that for the NST group (zone diameter 36.29 mm vs. 37.16 mm; p =0.027), indicating that the DST strains were more resistant to oxidative stress than the NST strains (
Figures 1B, C
).





Figure 1 | 
Comparison of (A) baumannii DST and NST group phenotypes. (A) Antidesiccation in vitro. (B) Antioxidation in vitro. (C) Representative pictures of the antioxidation in vitro. The upper figure is the inhibition circle of hydrogen peroxide in the DST group, while the lower is the inhibition circle in the NST group. (D) Antiserum killing in vitro. (E) Biofilm formation ability of bacteria in vitro. (F) The survival rate of G. mellonella after being infected with A. baumannii at 72 h. Each point represents data from one biological experiment for one bacterium. Each experiment included 10 strains of ST191, 12 strains of ST195, 11 strains of ST208, 10 strains of ST462, and 9 strains of ST547, and bar plots illustrate means ± SEM. Meaning of symbols “*, ***, **** and ns” indicate p<0.05,  p<0.001, p<0.0001 and no statistical difference (p>0.05), respectively.






The DST group had higher resistance to complement-mediated killing (mean survival 11.00% vs. 5.31%; p < 0.0001; 
Figure 1D
), but lower biofilm formation ability (OD570 0.31 vs. 0.42; p < 0.0001), than the NST group (
Figure 1E
).


When G. mellonella was used as an in vivo bacterial infection model, larvae infected with the DST group had a higher mean survival rate than those infected with the NST group in the early (12 h), middle (36 h), and late (72 h) stages of infection, however, all this difference was not statistically significant (
Figures 1F
, 
S2
).





3.2  Antimicrobial susceptibility


All strains belonging to the DST group were resistant to all three cephalosporins, while the strains of the NST group displayed resistance rates of 33.34%, 66.66%, and 33.34% to ceftazidime, cefepime, and ceftriaxone, respectively. Similarly, the DST strains were all resistant to carbapenems, whereas 66.66% of the NST group strains showed resistance. However, for aminoglycosides, the resistance rate was 66.66% for the DST group and 16.66–33.34% for the NST group. All the DST group strains were resistant to quinolones, while the NST group strains had a resistance rate of 66.66%. The overall MICs of the DST group were also higher than those of the ST group for minocycline and combined antibiotics (
Table 1
).



Table 1 | 
Antibiotic susceptibility of A. baumannii DST and NST strains.









3.3  Virulence and resistance genes analysis based on genomes of DST group and NST group


The general features of the twelve genomes were shown in 
Table S4
. The phylogenetic tree built using roary software (default parameters) indicates that strains of the same ST type were closely related, but ST208 of the DST group was evolutionarily distant from ST191 and ST195. ST547 of the NST group was also distant from ST462 and the STn type strains (
Figure S3
).


The results appeared that the two groups shared significant virulence genes. The encoded products of which included adhesion-related outer membrane protein OmpA, serum resistance-associated penicillin-binding protein PbpG, cleavage cell membrane related phospholipase Plc and PlcD, iron acquisition protein BarAB, BauABCDE, AbaI and AbaR related to quorum sensing, PgaABCD involved in biofilm formation, the CPS synthesis component, Wza, Wzb and Wzc related to immune escape, etc (
Figure 2
). This is consistent with the similar virulence seen for strains in the two groups in the G. mellonella infection model.





Figure 2 | 
Comparison of virulence genes present in A. baumannii DST and NST strains. The first row represents the virulence gene name, and the second row represents gene functional classification. The columns from left to right represent the name and ST type. Both identity and coverage are greater than 80% as the threshold for the presence of genes.






Twenty-four virulence genes associated with CPS were found only in strains of the DST group. These include glycosyltransferase-related genes itrB2, gtr3/4/5/8/20/21/22, kpsS, CMP-glycan pathway-related pseB/C/F/H/I, UDP-glycan pathway-related fnlA/fnlB, dehydrogenase pgt1, and isomerase wecB. However, 17 virulence-associated genes were found exclusively in strains from the NST group. These include 15 genes related to the CPS (CMP-glycan pathway-related legC, lgaA/F/G gene, glycosyltransferase gtr14/15/52, M3Q_295/296, and weeH) and two genes related to iron acquisition.


Overall, strains of the DST group harbored a greater number of CPS synthesis-related genes than those of the NST group, consistent with the increased resistance to complement killing and desiccation previously reported for DST group strains (Russo et al., 2010; Tipton et al., 2018). Many different genes related to the K locus, which is associated with CPS synthesis in A. baumannii, were unique to members of each of the two groups, consistent with the high variability previously reported for the middle region at the K locus (Kenyon and Hall, 2013).


To explore why the DST group strains had higher antibiotic resistance rates than those of the NST group, the profile of resistance genes in each strain was analyzed using the ResFinder database. Although strains in the two groups had several resistance genes in common, including genes encoding aminoglycoside, β-lactam, and sulfonamide resistance, many other resistance genes were found only in the DST group, correlating with the differences in drug susceptibility observed for the two groups. These unique genes included ant(3”)-Ia_1 and armA_1 (aminoglycoside resistance), blaTEM-1D_1 (β-lactam resistance), mph(E)_1 (macrolide resistance), and sul1_5 (sulfonamide resistance; 
Figure 3
). Interestingly, the only resistance genes unique to the NST group were β-lactam-related genes, such as blaOXA-120_1, blaOXA-51_1, and blaOXA-531_1 (
Figure 3
).





Figure 3 | 
Antibiotic resistance gene profiles of A. baumannii DST and NST strains. The first row represents the resistance gene designation, and the second row represents the gene functional classification. The columns from left to right represent the strain name and ST type. Both identity and coverage are greater than 80% as the threshold for the presence of genes.









3.4  Transcriptome analysis


Transcriptome analysis showed that a total of 620 protein-coding genes were differentially expressed between the two groups (padj < 0.05), with 492 genes upregulated and 128 genes downregulated, in DST compared with NST, accounting for approximately 15% of all protein-coding genes (
Figure 4
). After screening by log2 FoldChange (DST/NST) ≥ 2, 128 genes were identified as being significantly upregulated in the DST group, including nine CPS synthesis-related genes, one efflux pump gene, and three T6SS secretion system-related genes. Loci corresponding to gene_ids for all these genes were identified in the genomes of the DST strains being analyzed (
Table S5
). After screening by log2 FoldChange (DST/NST) ≤-2, 53 genes were identified as being significantly downregulated in the DST group, including three genes related to CPS biosynthesis and six genes related to iron uptake (
Table S6
). Meanwhile, we randomly selected two genes for Q-PCR validation, respectively. The results showed that the relative trend in the expression of these genes, in strains from the different groups, was consistent with the transcriptomic data (
Figures 4B, C
).





Figure 4 | 
Relative expression of genes in DST and NST strains. (A) The y-axis shows -log10padj values for each gene, while the x-axis shows log2 fold change of DST vs NST. Red represents upregulation genes, and green represents downregulation genes; FDR ≤ 0.05 was the criterion for significant differences. (B), (C) RNA-seq data of several highly expressed genes were validated using Q-PCR.






GO analysis showed that the most dramatically enriched gene set related to “lipid biosynthesis process,” which contains the wecB, capD, and galE genes involved in CPS synthesis, as well as the fabB, fabF, and psd genes involved in lipid syntheses. Other functional groups enriched in the DST upregulated genes group included “lipid metabolism process” and “carbohydrate transmembrane transport activity” (
Figure 5A
). The most significantly enriched, downregulated genes in the DST group were “potassium-transporting ATPase activity” and “ATPase activity, coupled to transmembrane movement of ions, phosphorylative mechanism,” with both of these functional sets containing the potassium ion transport genes kdpA and kdpC. Other functional sets with higher levels of enrichment in the DST downregulated genes group included “chemotaxis” and “taxis,” both of which include the chpA and pilI genes (
Figure 5B
).





Figure 5 | 
GO term functional analysis. Vertical coordinates are GO term functional modules; horizontal coordinates represent the number of enriched genes, where green represents biological processes, red represents cellular components, and gray represents molecular functions. We selected the 30 most significantly enriched GO terms to be shown in the figure, or all of them if there are less than 30. (A) GO enrichment of up-regulated DEGs in DST strains; (B) GO enrichment of down-regulated DEGs in DST strains. (B) Enrichment of genes downregulated in DST strains.






Similar to the GO analysis, the COG analysis revealed that the “lipid transport and metabolism” category was enriched in the upregulated genes in the DST group (
Figure 6
). Additionally, the functional categories with the next largest differences in the number of genes expressed between the two groups were “Transcription” and “Replication,”. Although upregulated genes outnumbered downregulated genes in many functional categories, the “intracellular trafficking, secretion, and vesicular transport” category only contained downregulated genes. This suggests that strong secretion and vesicular transport abilities may be less important to DST strains.





Figure 6 | 
COG functional classification of up- and downregulated genes in the DST group relative to the NST group. Y-axis represents the number of up- or downregulated genes, and X-axis represents the COG functional classification.






The KEGG pathway enrichment analysis indicated that the most significant pathway enriched for upregulated genes was “starch and sucrose metabolism” (p = 0.0054), which contains three genes, galU, ugd, and pgi, related to the CPS biosynthesis. This is in agreement with the fact that the most significant terms in the GO analysis also contain three CPS synthesis-related genes. Other enriched pathways were “Pentose phosphate pathway,” “Biotin metabolism,” and “Fatty acid biosynthesis” (
Figure 7
). The most significant of the downregulated gene-enriched pathways were the “two-component systems” (p=1.20E-07), which include proteins associated with potassium uptake (kdpA, kdpB, and kdpC) and motility (pilJ, pilH, pilI, pilG, PilR).





Figure 7 | 
Statistics of pathway enrichment. We selected the 20 most significantly enriched pathway entries and displayed them in the graph. If the enriched pathway entries were less than 20, we displayed all of them. The ordinate represents the name of the pathway, the abscissa represents the Rich factor, the size of the point represents the number of DEGs in this pathway, and the color of the point corresponds to a different Q value. (A) KEGG enrichment of upregulated DEGs in DST strains; (B) KEGG enrichment of downregulated DEGs in DST strains.









3.5  Virulence and resistance genes in DEGs based on transcriptomic analysis


Differences in DEGs associated with virulence and antibiotic resistance were next investigated since these two phenotypes are closely linked to the clinical significance of bacteria and to their survival in the environment.


The VFDB database and the one-way blast approach for SwissProt annotation were combined to identify 42 virulence-related genes among the upregulated genes in strains of the DST group. The genes identified were similar to those identified by genomic analysis, the functions of which related mainly to CPS synthesis and transport (wza/wzb/wzc, etc.), iron uptake (Heme utilization genes, TonB-dependent iron carrier receptors, and iron regulatory proteins), type VI secretion systems (vgrg, vgrgA, contractile small subunits, and PAAR domain-containing proteins), and biofilm formation (pilin/pgaB, ompW, oprM, abaR). In addition, the toxin-antitoxin cdiA/cdiB, RNA chaperone hfq, sensor protein pilS, and the redox-sensitive transcriptional activator soxR were also highly expressed in strains of the DST group (
Table S7
). The functions of 36 virulence genes identified as downregulated in the DST groups mainly involved type IV pilus synthesis, and included genes encoding pilus assembly proteins (pilC, pilB, pilJ, pilG, pilH, pilI, pilT) and the pilus regulatory protein gene (PilR). In addition, genes downregulated in the DST group contained genes related to iron uptake, CPS synthesis, potassium transport, chemotactic and competition functions, type II secretion system, and phospholipase synthesis (
Table S8
).


Alignment of DEGs with the antibiotic resistance database ResFinder identified that genes encoding resistance to several antibiotic classes, including aminoglycosides, tetracyclines, β-lactam, chloramphenicol, and cationic antimicrobial peptide, were upregulated in the DST group (
Table S9
), while chlorhexidine, chloramphenicol, and aminoglycoside resistance genes were downregulated in the DST group (
Table S10
).






4  Discussion



A. baumannii is a significant cause of pneumonia and bloodstream infection in critically ill patients, and its high rate of multidrug resistance poses a great challenge to clinical treatment. Consequently, research on A. baumannii has focused mainly on revealing its antibiotic resistance mechanism. However, as the understanding of this pathogen deepens, it has become clear that virulence mechanisms of A. baumannii also play a very important role in human infections and disease prognosis. Sequence typing has attracted the attention of public health clinicians because it helps to study the transmission, outbreak, and prevalence of A. baumannii strains. Although sporadic studies have investigated the A. baumannii characteristics that contribute to specific STs becoming DSTs (Ali et al., 2017; Zahra et al., 2018; de Azevedo et al., 2019), research in this area is still in its infancy. Thus, a more integrated approach, which explores the relationship between the virulence, antibiotic resistance, and ST of specific dominant strains, is required.


Based on previously published studies, we identified ST191, ST195, and ST208 as the DSTs and ST 547 and ST462 as the NSTs of A. baumannii, and selected around ten strains of each ST for experimental research in this study. As serum complement killing assay is an important indicator of virulence of A. baumannii, we selected two strains from each of the three DST with high complement killing resistance, and two strains from each of the ST462, ST547 plus two STn that were sensitive to complement killing, for subsequent genomic and transcriptomic analyses.


As we expected, the DST group was more tolerant to various adverse environments, including oxidation, desiccation, and complement-mediated killing. This also correlated with the demonstration that the DST group possessed more genes related to CPS biosynthesis, and that the expression of these genes was higher than related genes in the NST strains. This is in agreement with previous studies, in which CPS was shown to play a vital role in desiccation resistance and anticomplement killing in Acinetobacter (Ophir and Gutnick, 1994; Tipton et al., 2018). Norton et al. (2013) revealed that desiccation stress can induce resistance to antibiotics, corresponding to higher resistance rates in the A. baumannii DST group (Norton et al., 2013).


Previous studies have shown that A. baumannii can form robust biofilms on wounds and medical devices such as endotracheal tubes (Thompson et al., 2014; Greene et al., 2016), as well as increase the tolerance to various extracellular stress (Espinal et al., 2012; Greene et al., 2016). To our surprise, the biofilm-forming ability of the DST group was not as strong as that of the NST group. Moreover, the biofilm formation-related genes adeFGH, bap, csu fimbriae, pga/b/c/d, abaR, and abaI all existed in the genomes of both groups, and there was no significant difference in the transcription of these genes by either group. The evolution of ST dominant strains may partly be driven by their sustained exposure to nutrient-deficient environments, and as such, 24 h biofilm formation experiments in a nutrient-rich environment do not accurately mimic these conditions. Alternatively, other, as yet unidentified, genes of A. baumannii may be important in the ability bacteria of this organism to form biofilms.


The evolutionary process of bacteria, on the one hand, desires to be resistant to as many antibiotics as possible, and on the other hand to retain their ability to survive in unfavorable environments and infect hosts, however, no bacteria can be highly pathogenic, pan-resistant, permanently prevalent and existence in all (Imperi et al., 2011; Da Silva and Domingues, 2017). This may explain why the DST group, which has a higher drug resistance rate and is more resistant to complement killing, has a weaker biofilm formation ability than the NST group.


Among the highly expressed virulence factors genes in the DST group (log2Foldchange(DST/NST) ≥2) were CPS biosynthesis and T6SS component-associated genes, whereas the downregulated virulence factors genes (log2Foldchange(DST/NST) ≤-2) were iron uptake related. This may be due to the fact that the capsule promotes the survival of A. baumannii both in the hospital setting and in patients. T6SS also contributes to the dominance of A. baumannii owing to its competition with other bacteria (Repizo et al., 2015; Weber et al., 2016). However, although the iron acquisition system helps bacteria to acquire iron in hosts with iron-deficient environments, it does not necessarily play an important role in promoting dominant clone formation (Penwell et al., 2015; Runci et al., 2019).


Interestingly, many type 4 pili genes related to adherence and motility, including pilR, pilB, pilC, pilJ, pilG, pilH, pilI, and pilT, were downregulated in the DST group, which showed higher resistance to serum complement. By contrast, a previous study showed that type IV pili of A. baumannii were upregulated while growing in serum (Jacobs et al., 2012). There are several conceivable explanations for this apparent anomaly. First, the media used for the growth of A. baumannii differed between the two studies. In our study, transcriptome analysis was carried out following growth of the bacterium in LB broth, whereas in the other study, the organism was grown in the presence of serum. Second, the A. baumannii strains used were different. Third, since glycosylation of pili has been shown to contribute to the survival of P. aeruginosa in the pulmonary environment (Smedley et al., 2005), post-transcriptional modifications may also play important roles in A. baumannii phenotypes; such modifications were not investigated in this study.


The transposon-sequence (Tn-seq) technique was used to identify 50 genes required for survival, in human serum, of a strain of A. baumannii isolated from a case of osteomyelitis (Sanchez-Larrayoz et al., 2017). Several of the genes identified in that study, such as CPS-related genes wza, and wzb, correlate with those we found to be upregulated in the DST group.


Lipid biosynthesis plays an important role in the synthesis of phospholipids in bacteria, and asymmetric bacterial cell membranes are an important permeability barrier that contributes to bacterial resistance to many antibiotics (Zhang and Rock, 2008; Simpson and Trent, 2019). This is consistent with one of our most important findings, namely, that genes associated with lipid biosynthesis and transport pathways are enriched in those genes upregulated in the DST group. Moreover, the upregulated fabB and fabF involved in this pathway exhibit a prolonged effect on fatty acid synthesis, and the knockdown of fabB in E. coli leads to unsaturated fatty acid nutrient deficiency and failure to grow properly (Wang and Cronan, 2004). The knockdown of fabF also reduces motility in P. aeruginosa (Overhage et al., 2007). To date, however, there is little information on the roles in the virulence and adaptation of Acinetobacter baumannii of many of the genes in this pathway.


Naturally, our study has some shortcomings; for example, the number of the strains used in the genome and transcriptome analysis is small and may not be particularly representative. What’s more, it would be impossible to collect and analyze all possible environmental conditions (e.g., temperature, humidity, rainfall, and other climatic factors) that may influence the evolution of the strains.


In conclusion, tolerance to desiccation, oxidation, and complement killing all play an important role in the evolution of DST A. baumannii strains, while CPS biosynthesis, T6SS, and especially lipid synthesis pathway-related genes also play an indispensable role in this process. Our study further revealed the relationship between antibiotic resistance, virulence, and specific dominant ST of A. baumannii, laying a foundation for better prevention, control, and treatment of infections by this organism in the future.
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Many studies have reported the influence of hormonal drugs on gut microbiota composition. However, the underlying mechanism of this interaction is still under study. Therefore, this study aimed to evaluate the possible in vitro changes in selected members of gut bacteria exposed to oral hormonal drugs used for years. Selected members of gut bacteria were Bifidobacterium longum, Limosilactobacillus reuteri, Bacteroides fragilis, and Escherichia coli representing the four main phyla in the gut. Selected hormonal drugs used for a long time were estradiol, progesterone, and thyroxine. The effect of intestinal concentrations of these drugs on the selected bacterial growth, biofilm formation, and adherence to Caco-2/HT-29 cell line was assessed. Short-chain fatty acids (SCFAs) have been included in host functions including the gut, immune and nervous functions; thus, the drug’s effects on their production were assayed using High- Performance Liquid Chromatography. Sex steroids significantly increased the growth of all tested bacteria except B. longum, similarly, thyroxine increased the growth of tested Gram-negative bacteria however reducing that of tested Gram-positive bacteria. The effect of drugs on biofilm formation and bacterial adherence to cell lines cocultures was variable. Progesterone decreased the biofilm formation of tested Gram-positive bacteria, it nevertheless increased L. reuteri adherence to Caco-2/HT-29 cell line cell lines coculture. By contrast, progesterone increased biofilm formation by Gram-negative bacteria and increased adherence of B. fragilis to the cell lines coculture. Moreover, thyroxine and estradiol exhibited antibiofilm activity against L. reuteri, while thyroxine increased the ability of E. coli to form a biofilm. Moreover, hormones affected bacterial adherence to cell lines independently of their effect on hydrophobicity suggesting other specific binding factors might contribute to this effect. Tested drugs affected SCFAs production variably, mostly independent of their effect on bacterial growth. In conclusion, our results showed that the microbiota signature associated with some hormonal drug consumption could be the result of the direct effect of these drugs on bacterial growth, and adherence to enterocytes besides the effect of these drugs on the host tissue targets. Additionally, these drugs affect the production of SCFAs which could contribute to some of the side effects of these drugs.
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1 Introduction

Gut bacteria play an important role in maintaining human health through metabolic, protective, and trophic mechanisms; however, altering their composition has been linked to the development of certain diseases such as irritable bowel disease (IBD), colorectal cancer, obesity, diabetes, autism, etc. (Prakash et al., 2011; DeGruttola et al., 2016). Among the important functions played by the gut bacteria is the production of short-chain fatty acids (SCFAs) as the end products of the metabolism of complex carbohydrates. SCFAs have several effects on maintaining the health and integrity of the human body besides being an energy source for colonocytes, having a strong anti-inflammatory effect, maintaining the integrity of the blood-brain barrier (BBB), and reducing the oxidative stress in the colon. The most abundant SCFAs produced in the colon are acetate, butyrate, and propionate. (Prakash et al., 2011; Valdes-Varela et al., 2016; Silva et al., 2020). 

Different types of microorganisms, including bacteria, yeast, and viruses, make up the gut microbiota. Bacteroidetes and Firmicutes account for 90% of the intestinal bacteria, and Proteobacteria, Actinobacteria, and Verrucomicrobia comprise the other major phyla that constitute the gut (Scotti et al., 2017; Rinninella et al., 2019). Microbiota composition and functions are exposed to dysbiosis by host factors and environmental pressure (Thursby and Juge, 2017). Among these factors contributing to possible dysbiosis is drug intake (Nicholson et al., 2012; Hasan and Yang, 2019).

Research in population-based cohorts has revealed a connection between various non-antibiotic drug classes and specific gut microbiome signatures highlighting that this interaction might contribute to the development of diseases in addition to the change in drug metabolism by gut microbiota (Vich Vila et al., 2020). Among the drugs that have drawn the attention of researchers to study their effect on gut microbiota are hormonal drugs because they are usually used for a long time ranging from 3 months to a lifetime (Benvenga et al., 2017; Clabaut et al., 2021; Gong et al., 2021). However, the direct effect of these drugs on the growth, adherence, and production of SCFAs by gut bacteria was not studied in vitro except for a few studies that utilized concentrations higher than the estimated intestinal concentrations. Therefore, this study aimed to study the impact of hormonal drugs at the intestinal concentration on the growth, adherence, and production of SCFAs and lactic acid by selected members of the gut microbiota to explain the in vivo changes in gut microbiota upon consumption of hormonal drugs.




2 Materials and methods



2.1 Bacterial strains and culturing condition

Four bacterial strains were used including Bacteroides fragilis (ATCC 25285), Bifidobacterium longum (ATCC 15707), Escherichia coli (ATCC 8739), and Limosilactobacillus reuteri (ATCC 23272) representing the 4 main phyla Bacteroidetes, Actinobacteria, Proteobacteria, and Firmicutes, respectively, which comprise the gut microbiota.

All strains were cultured in their recommended media: De Man, Rogosa & Sharpe (MRS) broth and lactobacillus selective (LBS) agar for L. reuteri; Brain-heart infusion supplemented (BHIS) broth and neomycin anaerobic blood agar (NABA) for Bacteroides fragilis; Reinforced clostridial media (RCM) broth and MRS agar supplemented with 0.05% cysteine for Bifidobacterium longum; Luria Bertani (LB) broth and MacConkey agar for E. coli. All the previous cultures were incubated under anaerobic conditions (BBL anaerobic jar, Gas pack Anaerobic system, Franklin, New Jersey, USA) at 37°C. Strains were preserved in glycerol stock at −20°C.




2.2 Preparation of drug stock solutions

Steroid sex hormones of ethinyl estradiol and progesterone were obtained from Qinhuangdao Zizhu Pharmaceutical (Hebei, China) and Zhejiang Shenzhou Pharmaceutical Co (Zhejiang, China), respectively, while L-thyroxine hormone was supplied by Azico Biophore Ltd (Pradesh, India). Stock solution (100x intestinal concentration) of each drug compound was prepared by dissolving drugs using the least amount of Dimethyl Sulfoxide (DMSO) and diluted with sterile distilled water. Drug stocks were stored at -20°C.

The intestinal concentrations used were previously calculated by Maier and colleagues (2018) and the used final concentrations were 0.562, 211.99, and 0.0481µM for ethinyl estradiol, progesterone and L-thyroxine, respectively (Maier et al., 2018).




2.3 Screening the effect of hormonal drugs on bacterial growth

This assay was carried out according to Maier et al. (2018) with some modifications. The bacterial strains were cultured on their specific medium, and then one isolated colony was allowed to grow overnight on modified Gifu anaerobic (mGAM) broth at 37°C under anaerobic conditions and that was repeated twice to ensure that the culture was robust and consistent. The bacterial overnight culture was adjusted to reach starting OD600 of 0.02. Two controls were used simultaneously along with the test for this experiment. Control (1) bacteria in medium, control (2) bacteria in medium containing DMSO at a final concentration as in diluted drugs. The effect of DMSO at final concentrations on the growth of bacterial strains was monitored using controls (1) and (2).

The drug stocks were thawed, and an aliquot was diluted to reach 2x intestinal concentrations. In a 96-well flat bottom plate (Greiner Bio-one®, Germany), 50 µl of the adjusted bacterial suspension (OD600 = 0.02) were added to 50 µl of the drug concentration (2x). Plates were incubated at 37°C under anaerobic conditions. For the viable count of bacterial growth at zero and 24 hours, tenfold serial dilutions (10-1-10-6) were performed. An aliquot (10 µl) was spotted on NABA, MRS supplemented with cystine (MRS-C), MacConkey agar, and LBS for the enumeration of B. fragilis, B. longum, E. coli, and L. reuteri, respectively. The plates were incubated at 37°C under anaerobic conditions for 48 hours. Following incubation, colonies were counted and used to calculate the number of colonies per ml (CFU/ml) (Wang et al., 2017; Maier et al., 2018).




2.4 Screening the effect of hormonal drugs on auto-aggregation and cell surface hydrophobicity

The tendency of identical bacterial cells for self-adherence (auto-aggregation) and cell surface hydrophobicity (CSH) are two independent traits that influence bacterial adhesion ability to surfaces (Rahman et al., 2008).



2.4.1 Preparation of bacterial inoculum

L. reuteri, B. fragilis, B. longum, and E. coli were grown in a 5 ml broth of MRS, BHIS, RCM, and LB, respectively, with different drugs at their intestinal concentrations. Tubes were incubated under anaerobic conditions for 18 hours at 37°C. Positive control was run simultaneously where bacteria were cultured in media with a DMSO concentration equivalent to that used in dissolving the drugs. Bacterial pellets were harvested by centrifugation at 9500 rpm for 10 min at 18°C followed by washing twice with ice-cold phosphate buffer saline to be used in the auto-aggregation and cell surface hydrophobicity (Botes et al., 2008).




2.4.2 Auto-aggregation

Bacterial cells were suspended in saline and adjusted to OD600 of 0.3. One milliliter of the adjusted bacterial suspension was transferred into a sterile eppendorf tube, then centrifuged at 2000 rpm for 2 min (Botes et al., 2008). The supernatant’s optical density (OD600) was measured immediately (A0) and after one hour (A60)(Botes et al., 2008). Auto-aggregation percentage was calculated using the following equation:

	




2.4.3 Cell surface hydrophobicity

The assay of microbial adhesion to hydrocarbons was used to characterize microbial hydrophobicity according to Lather and his colleagues (2016) with some modifications. Bacterial cells were suspended in saline and adjusted to OD600 = 0.5. In a glass tube, 0.8 ml volume of xylene was added to 4.8 ml of the adjusted bacterial suspension. The mixture was shaken vigorously for 1 min and allowed to separate at room temperature for 60 min. Bacterial cells were distributed between aqueous and organic phases according to bacterial hydrophobicity. The aqueous phase was removed with caution using a micropipette and measured by spectrophotometer at wavelength 500 nm (A) (Lather et al., 2016). Percentage hydrophobicity was calculated using the following equation:

	

A0 is the absorbance before the addition of xylene while A is the absorbance in the aqueous phase after the addition of xylene.





2.5 Screening the drug activity on biofilm formation

The effect of drugs on biofilm formation was measured by crystal violet assay. A selective medium supplemented with 1% glucose was used for the incubation of each bacterium at 37°C for 24 hours under anaerobic conditions. Peptone yeast glucose (PYG), LB, BHIS, and RCM were used for the assessment of L. reuteri, E. coli, B. fragilis, and B. longum, respectively. The cell density of bacterial suspension was adjusted to OD600 = 1, followed by dilution 1:100 using the selective fresh medium for each bacterium. In a 96-well flat bottom plate (Greiner Bio-one®, Germany), 100 µl of the bacterial cell suspensions were inoculated with 100 µl of drugs (2x) in each well, incubated for 48 hours at 37°C under anaerobic conditions. After incubation, the bacterial growth was measured using a microtiter plate reader (STAT FAX 2200, Awareness Technology, Florida, USA) at a wavelength of 630 nm. Adhered cells were washed and then stained with 0.1% crystal violet for 30 min followed by washing and solubilization. The colored solution was measured at wavelength 545 nm. The readings were used to calculate the biofilm formation index (Kwasny and Opperman, 2010; Coffey and Anderson, 2014; Woo et al., 2017; Jang et al., 2020). Five technical replicates were used for each bacterial strain to compensate for variability and three biological replicates were performed. A positive control with bacteria in addition to DMSO was used simultaneously along with the test.

	

OD 545 is colorimetric absorbance of stained bacteria, OD 630 is absorbance of bacterial growth, and OD control is absorbance of negative control.




2.6 Screening the effect of selected drugs on bacterial adherence to cell lines

Co-culture cells of Caco-2/HT29 (90:10) was used to simulate intestinal tissue which was prepared according to the method described by Kleiveland (2015).



2.6.1 Cytotoxicity assay of tested drug on cell line

The effect of drugs and DMSO on cell line viability was measured using 3, -4,5 dimethyithiazol-2,5 diphenyl tetrazolium bromide (MTT) assay. Co-culture cells of Caco-2/HT29 were seeded in 96 well microtiter flat bottom plate (Greiner Bio-one®, Germany) using Roswell Park Memorial Institute (RPMI) medium supplemented with 2% Fetal bovine serum (FBS) and incubated overnight in 5% CO2 at 37°C. Following incubation, 100 µl of each drug in their working dilution was added to co-culture cells (three technical replicates for each concentration). A control was run simultaneously: a negative control with DMSO concentrations equivalent to that in drug solution. The plates were sealed and incubated overnight in 10% CO2 at 37°C. MTT was dissolved in fresh medium at concentration 0.05%, added to each well, and incubated for 2 hours under the same conditions. After incubation, the medium was aspirated, and 100 µl of DMSO was used for solubilization. Color was measured at wavelength 545 nm and readings were used to calculate percentage viability (Mueller et al., 2004).

	




2.6.2 Adherence to cell line assay

The bacterial strains were cultured on their specific media for 20 hours under anaerobic conditions at 37°C. Bacterial cells were centrifuged at 6000 rpm for 5 min at 4°C, the pellet was washed twice with PBS and the cell density for each bacterium was adjusted to 1x108 CFU/ml using PBS. In a 24 well flat bottom plate (Greiner Bio-one®, Germany), Caco-2/HT-29 co-culture was grown and maintained using RPMI medium except for E. coli where DMEM medium was used. On plates seeded with cell line coculture, 100 µl of adjusted bacterial suspension and 100 µl of drugs (2x intestinal concentration) were added. Thus, final concentration of the drugs in each well will be equivalent to intestinal concentration (1x). Plates were sealed and incubated at 37°C for 2 hours in 5% CO2. Following incubation, the medium was removed, and wells were washed using 200 µl of fresh medium to remove non-adherent cells. The cells were then lysed by adding 100 µl of 0.1% Triton X-100 for 10 min at room temperature, then the reaction was stopped by addition of 900 µl of fresh medium. Viable bacterial cells were enumerated by spreading 10µl of diluted bacterial culture (drop plate technique) on their selective medium prior to incubation with cell line (CFU of initial inoculum) and after incubation for 2 hours (CFU of adhered cells)(Letourneau et al., 2011; Gagnon et al., 2013; Reddy and Austin, 2017). The count was recorded and used to calculate the percentage of adhered bacteria.

	




2.6.3 Imaging of cell adherence to CaCo-2/HT29 co-culture using scanning electron microscope

The same steps of adherence assay were followed for preparation of samples in a 12 well flat bottom plate (Greiner Bio-one®, Germany) for imaging the cell adherence using scanning electron microscope. After incubation for 2 hours, the plate was washed with phosphate buffer saline (PBS) twice, and 5% glutaraldehyde (prepared in 0.1M sodium cacodylate) was added for 2 hours for fixation. The wells were dehydrated by passing them through graded ethanol (25, 50, 70, 80, and 90%) for 10 min in each concentration at room temperature. The last concentration used for dehydration was 100% for 15 min. The wells were coated with gold and examined using scanning electron microscope (Quanta 250 FEG, West Bengal, India) with a magnification power of 5000x and 10000x (Heckman et al., 2007; Ude et al., 2019).





2.7 Measurement of the change in Short Chain Fatty Acids and lactic acid production by bacteria under the effect of hormonal drugs using high performance liquid chromatography (HPLC)

Strict anaerobic bacteria are known for their ability to produce short-chain fatty acids by the saccharolytic fermentation of complex polysaccharides (Nogal et al., 2021), therefore the effect of hormonal drugs on production of SCFA by B. fragilis and B. longum were studied. Analytical samples were prepared by inoculating colonies of B. fragilis and B. longum in BHIS broth and MRS broth, respectively for 48 hours at 37°C under anaerobic conditions. The bacterial OD was adjusted to 0.01 at 600 nm and incubated with the intestinal concentration of the three hormonal drugs at 37°C for 16 hours under anaerobic conditions. The suspension was then centrifuged at 9500 rpm for 15 min at 4°C and the supernatant was collected. The analytical sample was injected into the HPLC system (Smart line, Knauer, Germany) using the autosampler after its conditions was set. The HPLC system was equipped with Rezex™ column (Phenomenex, California, USA) for organic acid analysis. The flow rate was set at 0.6 ml/min, UV detector set at 214 nm, column oven temperature kept constant at 65°C, and the mobile phase was 0.005M H2SO4. To create the standard curve, a standard solution containing lactic, acetic, propionic, and butyric acids was prepared at concentrations of 1, 10, 100, 500, and 1000 ppm. The SCFA quantities were determined using the standard curves’ appropriate linear regression equations (R2 ≥ 0.99). The response factor is a measurement of the analyte’s relative spectral response to its external standard at the specified retention time, followed by calculation of SCFAs in ppm. Positive control was prepared by growing bacteria in media containing DMSO in concentrations equivalent to their final concentration in drug solution. The data was integrated by clarity chrom software (DataApex, Praha, Czechia)




2.8 Statistical analysis

GraphPad Prism 9.1.1 (GraphPad Software Inc., CA, USA) was used for statistical analysis. Multiple unpaired t-tests and multiple comparisons using the Holm-Šı́dák method were used to compare auto-aggregation, hydrophobicity, and formation of biofilm in the presence and absence of drugs. For statistical analysis of the viable count of the microorganisms in the screening of the antibacterial activity of drugs and adherence assay to cell lines coculture, the Mann-Whitney t-test was used. An unpaired t-test was used for the statistical analysis of the effect of drug on the viability of the intestinal cell lines. The readings were considered significant at p<0.05.





3 Results



3.1 Alteration in bacterial growth under the effect of hormonal drugs

B. longum was the most affected bacteria in presence of the three tested hormonal drugs showing reduction in viable count by 3, 2, and 4 logs in presence of progesterone, estradiol, thyroxine, respectively (Figure 1C). The growth of Gram-negative bacteria was enhanced by hormonal treatment showing increase by 1 to 2 logs by B. fragilis (Figure 1A) and E. coli (Figure 1B). The effect on the growth of L. reuteri was variable where the steroid hormones increased its growth by 2 to 3 logs while thyroxine reduced its growth by one log (Figure 1D).




Figure 1 | Growth of bacteria under the effect of hormonal drugs. Effect of hormonal drugs on the growth of: Gram-negative bacteria (A) Bacteroid fragilis, (B) Escherichia coli, and Gram-positive bacteria (C) Bifidobacterium longum, (D) Limosilactobacillus reuteri represented as viable count (CFU/ml). Tested hormonal drugs include progesterone, ethinyl estradiol, and L-thyroxine in their intestinal concentrations, 211.99, 0.562, and 0.0481µM, respectively. Control represents the growth of bacteria in addition to DMSO. Mann-Whitney t-test was used to statistically compare the effect on bacterial growth. Significance level of **(P<0.001), ***(P<0.0001). ns, non significant.






3.2 Progesterone changed the auto-aggregation of tested bacteria

Progesterone was the only hormonal drug under test that showed an effect on bacterial auto-aggregation (Figures 2A–D) as it caused a significant increase (P=0.0008, α=0.05) in the auto-aggregation of E.coli from 5.5% in control to 10% in presence of drug (Figure 2C). On the other hand, progesterone remarkably reduced (P=0.007, α=0.05) the auto-aggregation of L. reuteri cells to 5% compared to the control (Figure 2D).




Figure 2 | Auto-aggregation of bacteria with hormonal drugs. Change in percentage auto- aggregation of (A) B. fragilis; (B) E. coli; (C) B. longum; (D) L. reuteri after incubation with hormonal drugs at 37°C for 60 min. Values were expressed as the mean of the percentage of three experiments with error bars (SE). Tested hormonal drugs include progesterone, ethinyl estradiol, and L-thyroxine in their intestinal concentrations, 211.99, 0.562, and 0.0481µM, respectively. Control represents the bacteria in addition to DMSO. Multiple unpaired t-tests along with Holm-Šídák for multiple corrections were used to statistically compare the effect of different drugs on bacterial auto-aggregation. * Significant difference (p<0.05).






3.3 Hormonal drugs change cell surface hydrophobicity of tested bacteria

The hydrophobicity of B. fragilis increased significantly (P<0.01) in the presence of the three hormonal drugs (Figure 3A). Estradiol reduced significantly (P<0.01) the hydrophobicity of B. longum and L. reuteri while progesterone reduction to hydrophobicity was limited to L. reuteri (Figures 3C, D). E. coli did not show significant change in hydrophobicity in presence of the three drugs (Figure 3B).




Figure 3 | Hydrophobicity of bacteria under the effect of hormonal drugs. Change in percentage hydrophobicity of (A) B. fragilis; (B) E. coli; (C) B. longum; (D) L. reuteri with hormonal drugs after incubation at 37 °C for 60 min. Values were expressed as the mean of the percentage of three experiments with error bars (SE). Tested hormonal drugs include progesterone, ethinyl estradiol, and L-thyroxine in their intestinal concentrations, 211.99, 0.562, and 0.0481µM, respectively. Control represents the bacteria in addition to DMSO. Multiple unpaired t-test along with Holm-Šídák for multiple corrections was used to statistically compare the effect of different drugs on bacterial hydrophobicity. * Significant difference (p<0.05).






3.4 Hormonal drugs changed biofilm formation ability of tested bacteria

B. longum showed the highest biofilm index among tested isolates. Hormonal drugs increased biofilm formation by Gram-negative bacteria (Figures 4A, B) but reduced the ability of Gram-positive bacteria to form biofilm (Figures 4C, D).




Figure 4 | Biofilm formation ability of selected bacteria under the effect of hormonal drugs. Change in biofilm formation index by (A) B. fragilis; (B) E. coli (C); B. longum; (D) L. reuteri with hormonal drugs. Values were expressed as the mean of the percentage of three experiments with error bars (SE). Tested hormonal drugs include progesterone, ethinyl estradiol, and L-thyroxine in their intestinal concentrations, 211.99, 0.562, and 0.0481µM, respectively. Control represents the bacteria grown in culture with DMSO. Multiple unpaired t-test along with Holm-Šídák for multiple corrections was used to statistically compare the effect of different drugs on bacterial biofilm. * Significant difference (p<0.05).






3.5 Effect of tested drugs on bacterial adherence to Caco-2/HT-29 coculture cell lines

An unpaired t-test was used to compare the difference in cell viability in presence of drugs compared with the untreated coculture cell lines and no significant effect was observed on coculture viability when treated with the three drugs in their intestinal concentrations (data not shown).

The effect of hormonal drugs on adherence of tested bacteria was variable. No growth of B. fragilis was observed on NABA after 2 hours of incubation in both control and drug-treated samples except with progesterone which showed relatively low adherence of 0.13% (Figure 5A). Progesterone reduced the adherence of E. coli and B. longum while increasing the adherence of L. reuteri (Figures 5B–D). Thyroxine remarkably increased the percentage of adhered E. coli and B. longum to cell lines coculture while reducing adherence of L. reuteri when compared to control. Ethinyl estradiol reduced the adherence of E. coli and increased the adherence of B. longum and L. reuteri.




Figure 5 | Bacterial adherence to Caco-2/HT-29 co-culture under the effect of hormonal drugs. Change in the percentage of adhered bacterial cells (A) B. fragilis; (B) E. coli; (C) B. longum; (D) L. reuteri under the effect of hormonal drugs: progesterone, ethinyl estradiol, and thyroxine in their intestinal concentrations 211.99, 0.562, and 0.0481µM, respectively. Values were expressed as the mean of the percentage of three experiments with error bars (SE). Positive control with bacteria and DMSO at different concentrations equivalent to that used to dissolve drug ( control (1): DMSO 1% and  Control (2):DMSO 0.001%).






3.6 Scanning electron microscope

The influence of hormonal drugs on bacterial adherence was confirmed by SEM images. As shown in Figure 6A, untreated B. fragilis showed no visible bacterial attachment to the extracellular matrix, while exposure to progesterone increased adherence to the cell line which appeared as few longitudinal rods attaching to the cell line co-culture in Figure 6B. Ethinyl estradiol increased the number of B. longum bacteria adhering to cell line coculture (Figure 6D) when compared to the control (Figure 6C). The effect of progesterone on the adherence of L. reuteri in the presence (Figure 6F) and absence of the drug (Figure 6E) where a visible slight increase in the number of L. reuteri was observed in treated cells.




Figure 6 | Scanning electron micrograph showing the effect of hormonal drugs on adherence of bacteria to Caco-2/HT-29 co-culture. Effect of progesterone on B. fragilis adherence (A) Control untreated bacterial cells (B) Drug-treated bacterial cells (Magnification power 10000x); B longum (C) Control untreated bacterial cells (D) Drug-treated bacterial cells (Magnification power 5000x); L. reuteri (E) Control with bacterial cells (F) Drug-treated cells bacterial cells (Magnification power 10000x). The adherence assay was carried out using RPMI medium in 5% CO2 at 37°C, and imaging was performed using a scanning electron microscope (Quanta 250 FEG, West Bengal, India).






3.7 Alteration in SCFAs and lactic acid production by B. fragilis and B. longum in presence of hormonal drugs

The reference chromatograms obtained from the standard solution revealed that SCFAs and lactic acid were detected at different retention times: 13.100, 14.876, 17.967, and 20 min; for lactic, acetic, propionic and butyric acids, respectively. The amount of butyric acid produced wasn’t detected in treated and untreated samples under the test conditions. The response factor was calculated for each SCFA, which represented the measurement of the analyte’s relative spectral response to its external standard. The highest acid produced by B. fragilis was acetic acid followed by lactic acid then propionic acid. The interpretation of chromatogram (Supplementary Figure 1 and Supplementary Table 1) showed a reduction in the amount of both lactic acid and propionic acid and an increase in the amount of acetic acid produced by B. fragilis in presence of progesterone (Table 1). The concentration of lactic acid and acetic acid produced by B. fragilis was reduced after being treated with ethinyl estradiol, conversely an increase in the amount of propionic acid was observed under the effect of the same drug. Both lactic acid and propionic acid produced by B. fragilis increased in amount when the bacteria were treated with thyroxine hormone while acetic acid levels were reduced under the same conditions.


Table 1 | The concentration of SCFAs and lactic acid produced by Bacteroides fragilis under the effect of hormonal drugs (progesterone, ethinyl estradiol, and thyroxine) measured by HPLC.



Propionic and butyric acid weren’t detected in B. longum control or drug-treated samples. The chromatogram (Supplementary Figure 2 and Supplementary Table 2) showed a reduction in the amount of both lactic acid and acetic acid produced by B. longum when treated with progesterone. Bifidobacterium longum produced higher levels of both lactic acid and acetic acid after being treated with ethinyl estradiol. Both lactic acid and butyric acid produced by B. longum increased in amount when the bacteria were treated with thyroxine hormone (Table 2).


Table 2 | The concentration of SCFAs and lactic acid produced by Bifidobacterium longum under the effect of hormonal drugs (progesterone, ethinyl estradiol, and thyroxine) measured by HPLC.







4 Discussion

The human gastrointestinal (GI) tract is a niche to a complex and dynamic community of bacteria known as the gut microbiota, which has a significant impact on the host during health and disease (Thursby and Juge, 2017). The composition and function of the gut microbiome are also influenced by different factors including the use of medications (Wen and Duffy, 2017).

In our study, the steroid hormones such as ethinyl estradiol and progesterone significantly increased the growth of B. fragilis, E. coli, and L. reuteri whereas decreasing the growth of B. longum. Conversely, previous studies reported the antibacterial effect of steroid derivatives by preventing the normal development of the cell membrane integrity and permeability. Thus, it is thought that the reason for the antibacterial effect of steroid bile acids is due to their binding to phospholipids in bacterial membranes resulting in membrane destruction and ultimately cell death (DoĞAn et al., 2017; Bustos et al., 2018; Vollaro et al., 2020; Crowley et al., 2022). The resistance of the selected gut bacteria to the deleterious effect of steroids could be due to the presence of bile salt hydrolase enzyme in these genera which protect them from the damaging effect of steroid bile acids (Staley et al., 2017). Another explanation for the resistance of L. reuteri to bile salts was the protective effect of this bacteria against steroids as bile acids arising from precipitation of the deconjugated bile salts and physical binding of bile salts by a bacterium, so rendering the detrimental bile salts accessible (De Boever et al., 2000). The increase in growth of B. fragilis could be explained by the study carried out by Kornman and Loesche (1982) using labeled C14 steroid hormones who proved the uptake of these hormones by Bacteroides bacteria and explained their ability to substitute vitamin K compounds, an essential growth factor, with progesterone and ethinyl estradiol resulting in an increased growth curve (Kornman and Loesche, 1982). Both steroid hormones had a significant effect in reducing the growth of B. longum in this study supported by findings of previous studies on Gram-positive bacteria, which demonstrated that different steroids reduce in vitro growth and increase cell leakage (Souza et al., 2021). B. longum growth was reduced under the same treatment which could be attributed to their lower resistance to bile acids compared to other Bifidobacterium species (Ibrahim and Bezkorovainy, 1993; Clark and Martin, 1994; Dunne et al., 2001). Many cross sectional studies for the influence of sex steroids on gut bacteria have proved the existence of correlation between sex hormone levels and microbiota composition despite the inevitable interfering factors, including genetics and environment (Santos-Marcos et al., 2018; Shin et al., 2019; Zhao et al., 2019; He et al., 2021). Researchers reported that lower levels of estradiol in postmenopausal women and men is accompanied by increase in Bacteroidetes sp. and depletion of Lactobacillus sp. Compared to women with higher levels of sex hormones (Santos-Marcos et al., 2018; Zhao et al., 2019). Likewise, the direct effect of the estradiol hormone on the growth of L. reuteri has been proved in our study. Treatment of sex steroid deficient mice with Lactobacillus rhamnosus could avoid bone loss which indicates the importance of this bacterium in preserving bone density (Li et al., 2016). The effect of sex steroids on gut bacteria in vivo could not be compared by their effect in vitro because, in some cases, hormonally related microbial shifts result from endogenous steroid-induced tissue and immunological changes rather than from steroids’ direct effect on bacteria (Lester and Hechter, 1958; Feraco et al., 2016).

While studying the effect of L-thyroxine on the viability of gut microbiota, results revealed a significant increase in the growth of Gram-negative B. fragilis and E. coli and a significant reduction in the growth of Gram-positive B. longum and L. reuteri. The results withstood the previous findings by Garber and Lupowitz-Donenfeld (1973) that L-thyroxine had an inhibitory effect on the growth of Gram-positive bacteria however, it has no significant effect on Gram-negative bacteria. The inhibition of Gram-positive bacteria by L-thyroxine was reduced by cations such as Mn2+, Fe2+, and Ca2+ which support the hypothesis that L-thyroxine chelating effect is one of the factors contributing to its inhibitory effect (Garber and Lupowitz-Donenfeld, 1973; Benvenga et al., 2017). Metagenomic analysis of gut microbiome in hyperthyroidism patients showed as a significant decline in Bifidobacterium and Lactobacillus (Zhou et al., 2014). Similarly, reduction in these two genera was detected in our study under the influence of L-thyroxine which also explain the need for probiotic supplement in hypothyroidism patients treated with L-thyroxine to keep bone density and optimizing thyroid function (Knezevic et al., 2020).

The process of bacterial adhesion to different surfaces is a complex process that involves contact between bacterial membranes and interacting surfaces. Specific and nonspecific binding are the two essentially distinct strategies that cause bacterial adhesion (Piette and Idziak, 1992). Electrostatic or hydrophobic interactions have a major role in the non-specific binding and considerably affect adhesion strength (Piette and Idziak, 1992). Two factors were assessed in this study to understand the influence of their changes in altering bacterial adherence in the presence of hormones. The auto-aggregation and cell surface hydrophobicity assays were carried out to evaluate the effect of the drugs on non-specific binding of these bacteria to different surfaces. Previous study showed that biofilm formation is correlated with hydrophobicity (Krasowska and Sigler, 2014) however this correlation was detected in L. reuteri under the effect of tested drugs where reduction in hydrophobicity was accompanied by the reduction in biofilm formation ability of this bacterium. Conversely, hydrophobicity was not correlated to bacteria adherence to Caco-2/HT-29 co-culture. Similarly, some previous studies showed that the correlation between hydrophobicity and adhesion to hydrophobic mucosal cells was strain specific (Kos et al., 2003; Muñoz-Provencio et al., 2009). This has suggested that nonspecific binding factors such as hydrophobicity is not an accurate measure of adhesive potential to enterocytes (Van Tassell and Miller, 2011) and interactions between microbes and hosts depend greatly on the structure of the cell surface rather than nonspecific binding (Nishiyama et al., 2021). Many studies have shown that, components of a protein nature such as mucus adhesins in L. reuteri (Vélez et al., 2007; Sánchez et al., 2008) and B. longum (Izquierdo et al., 2008) as well as capsular polymer in B. fragilis (Nakano et al., 2008; Reis et al., 2014) are primarily important for bacterial adherence to intestinal mucin types and/or epithelial cells beside saccharide moieties and lipoteichoic acid.

A previous study linked hormonal drugs’ impact on bacterial growth with its impact on bacterial biofilm (Fteita et al., 2014). Similarly, in our results, a change in bacterial growth under the effect of the drug was associated with a similar change in biofilm formation except L. reuteri showing a reduction in biofilm in presence of sex steroids despite the increase in growth and this could be explained by the increased production of biosurfactant by Lactobacillus species in the presence of sex steroids thus decreasing biofilm formation (Clabaut et al., 2021). Additionally, the effect of progesterone on quorum sensing has been reported for some bacteria which could affect phenotypes that depend on cell-to-cell communication (Cadavid et al., 2018).

The gut microbiota makes use of SCFAs as a source of carbon by cross-feeding, but SCFAs can be harmful to some gut bacterial species when present in high concentrations (Feng et al., 2018). The amount of SCFAs produced by the anaerobic bacteria B. fragilis and B. longum was measured using HPLC. Surprisingly we did not detect butyric acid after incubation of B. longum for 48 hours despite being known as butyric acid producer (Aguirre et al., 2016). Additionally, propionate was not detected in B. longum culture and similar result was obtained by Rios-Covian et al. (2017). The effect of the tested drug compounds in this study on SCFAs production was variable and mostly independent of their effect on bacterial growth, in contrast to earlier studies’ results that a change in abundance of gut bacteria owing to drug usage was correlated to a similar effect on SCFAs production (Hojo et al., 2018). Notably, numerous studies reveal that Bacteroidetes are the main producers of propionate in the human gut (Salonen et al., 2014; Aguirre et al., 2016) and this SCFA is known for its ability to suppress inflammation and the increase in its level is associated with cognitive decline in elderly (Kawasoe et al., 2022; Neuffer et al., 2022) while low level of propionic acid and acetate was linked to autism(Tetel et al., 2018). Progesterone and L-thryoxine reduced the production of propionic acid by B. fragilis. A key organic acid in the fermentation of prebiotics is lactic acid, which is generated in the GIT by the bacteria Lactobacilli and Bifidobacteria. Lactic acid does not significantly accumulate in the intestinal lumen, and it is further metabolized by cross-feeding species, particularly with the butyrate-producing bacteria, to acetate or butyrate, or propionate.




5 Conclusion

Oral hormonal drugs can affect the growth, biofilm formation and adherence of gut bacteria at intestinal concentrations in vitro which can explain specific microbiome signatures associated with long term use of these drugs. Steroid hormones increase the growth of B. fragilis, E. coli, and L. reuteri while reducing the growth B. longum. However, thyroxine increased the growth of Gram-negative bacteria and reduced the growth of Gram-positive one. The effect of these drugs on biofilm formation by selected bacteria was linked to their effect on growth except L. reuteri where steroid hormones reduced biofilm formation by this bacterium despite increasing bacterial growth. The effect of hormonal drugs on bacterial adherence to Caco-2/HT-28 coculture was not solely dependent on the change in hydrophobicity but other specific binding factors might contribute to their effect. The effect of the tested drug compounds on SCFAs and lactic acid production was variable and mostly independent of their effect on bacterial growth.
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Objectives

Considering the high incidence rates of denture stomatitis, research that providing dental biomaterials with antifungal property are essential for clinical dentistry. The objectives of the present study were to investigate the effect of zinc dimethacrylate (ZDMA) modification on the antifungal and cytotoxic properties, as well as the variance in surface characteristics and other physicochemical properties of polymethyl methacrylate (PMMA) denture base resin.




Methods

PMMA with various mass fraction of ZDMA (1 wt%, 2.5 wt% and 5 wt%) were prepared for experimental groups, and unmodified PMMA for the control. Fourier-transform infrared spectroscopy (FTIR) was applied for characterization. Thermogravimetric analysis, atomic force microscopy and water contact angle were performed to investigate the thermal stability and surface characteristics (n=5). Antifungal capacities and cytocompatibility were evaluated with Candida albicans (C. albicans) and human oral fibroblasts (HGFs), respectively. Colony-forming unit counting, crystal violet assay, live/dead biofilm staining and scanning electron microscopy observation were performed to assess antifungal effects, and the detection of intracellular reactive oxygen species production was applied to explore the possible antimicrobial mechanism. Finally, the cytotoxicity of ZDMA modified PMMA resin was evaluated by the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay and live/dead double staining.




Results

The FTIR analyses confirmed some variation in chemical bonding and physical blend of the composites. Incorporation of ZDMA significantly enhanced the thermal stability and hydrophilicity compared with unmodified PMMA (p < 0.05). The surface roughness increased with the addition of ZDMA while remained below the suggested threshold (≤ 0.2 µm). The antifungal activity significantly improved with ZDMA incorporation, and cytocompatibility assays indicated no obvious cytotoxicity on HGFs.




Conclusions

In the present study, the ZDMA mass fraction up to 5 wt% in PMMA performed better thermal stability, and an increase in surface roughness and hydrophilicity without enhancing microbial adhesion. Moreover, the ZDMA modified PMMA showed effective antifungal activity without inducing any cellular side effects.





Keywords: polymethyl methacrylate (PMMA), zinc dimethacrylate (ZDMA), surface characteristics, antifungal, cytocompatibility




1 Introduction

As the population aged, improving the quality of life among them has caused great concern due to the difficulty aged people faced on a day-to-day basis. One of the most common issues in aged individuals is the teeth loss. Restorative dentistry has been the outstanding solution to restore such oral functions, and resin-based polymeric systems are widely applied in this area (Kostić et al., 2022). Poly methyl methacrylate (PMMA) is one of the most widely utilized of resin-based polymeric material due to its unique properties, including cost-effectiveness, well cytocompatibility, aesthetics, ease of manipulation, etc (Zafar, 2020). However, there are a number of concerns in the application of PMMA resin, such as its high porosity, surface hydrophobic and roughness (Matsuo et al., 2015; Walczak et al., 2020), which are susceptible to lead dental plaque deposition. In addition, poor denture hygiene contributes to inflammation in oral mucosa. All of these drawbacks are prone to lead denture stomatitis.

Denture stomatitis is a multifactorial oral disease, mainly caused by Candida albicans (C. albicans) infection. Candida-associated denture stomatitis has been found in up to 60% of denture wearers, being the most common oral mucosal issue related with denture base. To overcome such undesirable deficiency, considerable research about PMMA denture base resin modification have been studied, including incorporating nanoparticles, fibers or other fillers, utilizing copolymers to polymerize with PMMA resin matrix and curing in different conditions, etc (Gad et al., 2020; Karatepe and Ozdemir, 2020; Aati et al., 2022). The modified methods of PMMA based denture resin with monomer additives have been reported before (Kanie et al., 2004; Elzahar et al., 2022). For instance, the quaternary ammonium salts (QAS) monomer was a successful approach used in the restorative dentistry to overcome biofilm formation (Melo et al., 2014; Cao et al., 2018).

In addition to this, a novel metal-containing methacrylate monomer has been applied in dental materials recently. The incorporation of metal methacrylate including silver, zinc, calcium and dibutyltin-containing methacrylate into dental resin matrix allowed the materials to exert novel bioactive properties (Rubin Cocco et al., 2018; da Silva Barboza et al., 2021). The ability of these monomers to become immobilized in the main polymer chain and antibacterial effects contribution by metallic elements make them possess potential application value in resin-based polymeric dental material modification. Previous studies have demonstrated that zinc-based dental materials performed broad-spectrum antibacterial activity and biological safety, and thus it is expected that zinc-containing methacrylate will show a feasible antimicrobial effect against oral pathogenic bacterial without impacting biocompatibility. Zinc dimethacrylate (ZDMA), existing in the form of homopolymerized polysalt particles with diameters around 20 ~ 100 nm (Ambrožič et al., 2011), is a kind of metal crosslinking monomer with unsaturated carboxylic groups (the molecular structure of ZDMA was displayed in Figure 1) (Chen et al., 2013a). Two methacrylate (MAA-) groups are connected to the divalent Zn2+ through ionic bonds, and under certain conditions (such as in the presence of oxidation reduction or peroxide), the C=C bonds in MAA- groups can polymerize both with the matrix and itself (Xu et al., 2016; Wu et al., 2022). The ZDMA monomer has showed remarkable performance in clinical dentistry as modification ingredients of composites (Henn et al., 2011; Cocco et al., 2020). For instance, dental resin adhesive containing ZDMA performed great capacities of matrix metalloproteinase 2 (MMP-2) inhibition without impacting resin bond strength (Henn et al., 2012). In our previous study, ZDMA was incorporated into PMMA denture base resin and it demonstrated that modified PMMA resin containing mass fraction of ZDMA less than 5 wt% showed enhanced mechanical properties and also displayed great antibacterial property against Streptococcus mutans (S. mutans). However, there is still a limited information about its antifungal performance, physicochemical characters, surface characteristics and cytocompatibility of such modification.




Figure 1 | Molecular structure of zinc dimethacrylate.



Therefore, the aim of this study was to further evaluate the effect of ZDMA at various mass fraction (1 wt%, 2.5 wt% and 5 wt%) on the thermal stability, surface roughness and hydrophilic/hydrophobic properties, antifungal and cytocompatibility performance of PMMA denture base resin. It was hypothesized that 1) incorporating ZDMA into PMMA resin would increase the surface roughness and hydrophilicity compared with unmodified PMMA; 2) incorporation of ZDMA will provide effective antifungal activity without inducing any cellular side effects.




2 Materials and methods



2.1 Preparation of specimens

The PMMA resin (Nissin, China) and ZDMA particles (Sigma-Aldrich, USA) used in this study were all commercially available. PMMA resin were prepared using the room temperature denture base polymerizing acrylic powder and liquid following the manufacturer’s instructions. To develop the new metal methacrylate modified PMMA resin, ZDMA was added at 1 wt%, 2.5 wt%, and 5 wt% to the PMMA monomer. Mass fraction greater than 5 wt% of ZDMA were eliminated considering that the preliminary study (An et al., 2022) has indicated a significant decrease in mechanical properties. Therefore, PMMA modified with ZDMA (1 wt%, 2.5 wt% and 5 wt%) were applied for the experimental groups, and unmodified PMMA for the control. In total, four groups were performed in this study. The manufacturing methods of the specimens for each group are described briefly below. Different mass fraction of ZDMA was added into acrylic powder and mixed with turbine mixer. After completely mix, acrylic liquid was added into the combined powder to form a paste which was then used to fabricate specimens for experimental groups. The acrylic powder and liquid were directly mixed to fabricate specimens for control group.




2.2 Characterization



2.2.1 Fourier transform infrared spectroscopy (FTIR)

To investigate the effect of the ZDMA incorporation on the PMMA resin, the infrared spectra of transmittance of the specimens selected randomly from each group and ZDMA were recorded using FTIR (Nicolet iS5, Thermo Fisher Scientific, USA) with an attenuated total reflectance (ATR) sampling accessory. The wavenumber was set in the range of 550 to 4000 cm−1. For each spectrum 32 scans were recorded with resolution at 4 cm-1.




2.2.2 Thermogravimetric analysis (TGA)

TGA (Q-50, TA instrument, USA) was applied for thermal stability characterization. The thermal stability of each sample was observed from ambient temperature to 500°C under nitrogen flow at a heating rate of 10°C/min. The weight loss experienced by the specimens as a function of temperature provided the kinetic data, thermal degradation behavior and rate of degradation.




2.2.3 Surface roughness

Specimens (n=5 per group) with dimension of 2 mm in thickness and 10 mm in diameter were prepared for surface roughness examination. Atomic force microscopy (AFM, Multimode 8, Bruker Daltonics Inc, USA) was performed to detect the surface topography and roughness. AFM was used at a high resolution with a sharp silicon tip (0.5 N/m) in tapping mode. The surface topography of the specimens was obtained over an area 10 × 10 μm. The surface roughness of the specimens from each group was obtained with a systemic software (NanoScope Analysis 1.7, Bruker Daltonics Inc), and the data of arithmetic roughness (Ra) were compared. Ra represented the average distance from the roughness profile to the center plane of the profile.




2.2.4 Water contact angle

The water contact angle of the specimens (n = 5) was measured using contact angle goniometer (OCAH200, Dataphysics, Germany) by quickly recording (less than 1 min) the images of ultrapure water droplets (3.5 μL) on the flat surface at 20°C. Contact angle measurements were repeated three times at different positions for each sample to obtain average values.





2.3 Antifungal activity



2.3.1 Biofilm formation

For antifungal experiments, the specimens were fabricated as PMMA discs (diameter = 10 mm, thickness = 2mm) and prior to test, specimens were disinfected using 70% ethanol, washed in triplicate with phosphate buffered saline (PBS) and then placed under UV light for 30 mins. The antifungal activities of the specimens were evaluated by using C. albicans (ATCC 10231). C. albicans were provided by the China-Japan Friendship Hospital of Clinical Microbiology Laboratory, which were cultured in a Sabouraud Dextrose (SD) broth at 37 °C. Each PMMA disc was placed at the bottom of a 24-well plate and around 2 mL of C. albicans suspension (optical density, OD = 0.02, equivalent to 2 × 104 CFU/mL) was added in each well and incubated for 24 h in a humid environment at 37°C under 95% air and 5% CO2 to form mature fungi biofilm on the surface of the samples.




2.3.2 Colony-forming unit (CFU) counting

Following incubation, the specimens (n=5 per group) were washed twice with PBS to remove nonadherent fungi. The C. albicans biofilms adherent to the specimens were collected by scraping and sonication. The obtained biofilm suspensions were serially diluted, and 20 μL of diluted suspension was dropped onto SD solid medium plate and then incubated at 37°C for 24 h in anaerobic conditions. After 24 h, the colonies on the plate were counted for data analysis.




2.3.3 Crystal violet (CV) assay for biofilm biomass

CV assay is the most commonly used quantitative technique for detecting biomass accumulation in microplate method. Specimens (n=5 per group) with C. albicans biofilms were rinsed with PBS to remove nonadherent fungi and then air dried for 20 min. The air-dried specimens were submerged in 100% methyl alcohol for 15 min for fixation and then stained with 0.1% CV solution (C8470, Solarbio, China) for 15 mins. The bound dye was extracted from the stained cells with 95% ethanol solution. Biomass accumulation was then quantified by measuring the optical density of the CV/ethanol extract at a wavelength of 600 nm in a microplate reader (SpectraMax M5, Molecular Devices, USA).




2.3.4 Live/dead biofilm staining assay

The biofilm-coated specimens (n = 5 per group) were washed with sterile deionized water to remove non-adhered fungi. After rinsing with deionized water, the specimens with adhered C. albicans biofilms were stained with the LIVE/DEAD Yeast Viability kit (L7009, Thermo Fisher Scientific Inc, USA), followed by rinsing with deionized water to remove unnecessary fluorescence dye. The stained specimens were examined using an inverted epifluorescence microscope (Eclipse TE2000-S, Nikon, USA).




2.3.5 Scanning electron microscopy (SEM)

The biofilm-coated specimens (n = 5 per group) were employed to observe C. albicans adhesion population and biofilm morphology by SEM (Phenom ProX, Thermo Fisher Scientific Inc, USA). Each specimen was fixed with 2.5% glutaraldehyde at 4°C overnight, and then rinsed with PBS. After fixation, the samples were dehydrated in a graded series of ethanol solutions (30%, 50%, 70%, 80%, 90% and 100%), desiccation, sputter coated with Au−Pd alloy and then inspected by SEM.




2.3.6 Detection of intracellular reactive oxygen species (ROS) production

Intracellular ROS levels in C. albicans adhering to the specimen surface were measured by a fluorometric kit (Solarbio, China) using 2,7-dichlorofluorescein diacetate (DCFH-DA) probe as a ROS indicator as previously described (Pourhajibagher et al., 2020). Briefly, the C. albicans biofilms attached to the surface of specimens (n = 10 per group) were collected, washed with PBS for three times and then resuspended in PBS by adjusting the cell density to 106 CFU/mL. DCFH-DA at concentration of 10 μmol/L was added to the fungus suspension and incubated for 20 mins at 37 °C. The microbial cells were then collected by centrifugation at 12000 g for 5 mins and washed with PBS to remove any unnecessary DCFH-DA. The fluorescence spectrophotometer (Thermo Fisher Scientific Inc, USA) at an emission wavelength of 535 nm and an excitation wavelength of 488 nm was used to determine the fluorescence intensity of the target cells and the inverted epifluorescence microscope was applied for fluorescence observation.





2.4 Cytotoxicity



2.4.1 Cell culture

Human oral fibroblasts (HGFs; PCS-201–030, ATCC, USA) were cultured in fibroblast basal medium (FBM; SC 2301, WHELAB, USA) supplemented with 2% fetal bovine serum, 1% penicillin/streptomycin and 1% fibroblast growth supplement. The culture was incubated with 5% CO2 at 37°C under saturated humidity until 95% confluence was achieved. Cells between the 4 and 6 passages were used for subsequent experimental procedures.




2.4.2 Preparation of the extract

In total, 10 specimens were prepared for each group, leading to a total surface area of 13.2 cm2. The ratio of the specimen surface to the medium volume was 1.25 cm2/mL. The specimens were sterilized and then eluted with fresh FBM at 37°C for 24, 48 and 72 h. The obtained extracts were passed through 0.22 μm filters for the next cytotoxicity tests.




2.4.3 Detection of cell viability

To evaluate the cell viability of the new metal monomer modified PMMA, a 3-(4,5-dimethyl-thiazol-2- yl) -2,5-diphenyl-tetrazolium bromide (MTT) kit (M1020, Solarbio, China) was used according to ISO 10993. The cells were collected and seeded at a density of 105 cells/mL in 24-well plates. After proliferation, 100 μL aliquots of the various extracts obtained from each group were added to 96-well plates. After 24 h of cell culturing, the medium was removed and MTT solution was added. The incubation was cultured at 37°C for 4 h, and the OD value of the formazan product at 450 nm was measured using a microplate reader, since the absorbance of formazan reflects the cell metabolism. Cells without the extracts were cultured as negative control and the extracts containing medium and MTT solution without cells were cultured as blank group. The cell viability value was calculated using the following equation:

	

where OD(t) is the OD value of the extracts from all groups, OD(blank) is the OD value of the blank group, and OD(nc) is the OD value of the negative control group.




2.4.4 Live/dead double staining

HGFs were seeded at a density of 105 cells/well in 24-well plate. The extract from each group was added after 4 h of proliferation. After 24 h of incubation, a live/dead staining kit (L10119, Thermo Fisher Scientific Inc, USA) was utilized to assess the cytotoxicity of the extracts. Calcein-AM was a staining reagent for fluorescently labeling living cells with green fluorescence, and its working concentration was 1 μM. In addition, PI (3 μM) only stained dead cells and excited red fluorescence. Finally, dyed cells were visualized through inverted epifluorescence microscope.





2.5 Statistical analysis

The statistical data are expressed as the mean ± standard deviation. Statistical analysis was performed by using a statistical software program (IBM SPSS Statistics, v22.0 for Windows, IBM Corp, USA). Dependent variables were evaluated by one-way analysis of variance (ANOVA) followed by the Tukey honestly significant difference post hoc test (α=.05) for this study, given that the data were consistent with a normal distribution and variance homogeneity.





3 Results



3.1 Characterization



3.1.1 FTIR

Figure 2 shows the FTIR spectra (550 - 4000 cm−1) of the unmodified PMMA, ZDMA modified PMMA and ZDMA particles. The spectra of all groups were similar which exhibited the characteristic absorption peaks of PMMA (Karatepe and Ozdemir, 2020; Akhtar et al., 2021), such as the IR peaks at 2996.53 cm-1 and 2948.95 cm-1 representing the C-H asymmetric and symmetric stretching absorption peaks, that at 2849.52 cm-1 and 1730.77 cm-1 representing the CH2 and C=O stretching vibration absorption peak respectively. After ZDMA incorporation, ZDMA modified PMMA exhibited the characteristic absorption peaks of ZDMA, including the IR peaks at 1655.48 cm-1, 1610.36 cm-1 and 1425.38 cm-1, etc. The infrared spectra about ZDMA can be described that, the C=O and C-O have been homogenized due to the existence of Zn2+ which leading the two chemical bonds move to the absorption peaks of 1537.12 cm-1 and 1425.38 cm-1, and C=C bonds move its position to 1655.48 cm-1 due to conjugated with C=O (Ambrožič et al., 2011; Chen et al., 2013a). In addition, certain effects were noticed after ZDMA modification, such as transmittance being modified due to the cross-linking and physical blend leading the formation of new chemical bonds. One of the noteworthy IR peaks among the transmittance was the stretching vibration peak at 1208.32 cm-1. The generation of IR peak at 1208.32 cm-1 was due to the open of C=C double bond in ZDMA which confirmed the cross linking of ZDMA in the composite (Ambrožič et al., 2011; Chen et al., 2013b).




Figure 2 | FTIR spectra of unmodified PMMA, ZDMA modified PMMA and ZDMA.






3.1.2 TGA

In order to evaluate the thermal stability of each sample, TGA analysis has been carried out up to 500°C at the heating rate of 10°C/min in nitrogen atmosphere. The weight loss curves are shown in Figure 3 and the comparative study of TGA data for each group are displayed in Table 1. The thermogram of all samples displayed a three-step thermal degradation behavior (Adnan et al., 2021). The first weak weight loss step corresponds to chain scission resulting from hydrogen bonds. The second step is attributed to the scissions of the chains at the unsaturated ends while the later beginning of weight loss is due to the polymeric chain random scission. It is noticeable that the decomposing stage of ZDMA modified PMMA were significantly postponed compared with the unmodified PMMA. As shown in Table 1, the degradation temperature range in the three-step weight loss of ZDMA modified PMMA were all higher than that of the unmodified PMMA, and with the ZDMA mass fraction increased, the degradation temperature range increased gradually. T5, T10 and T50 representative the temperature of mass loss fraction at 5 wt%, 10 wt% and 50 wt%, respectively. In order to evaluate thermal stability, a reference point was selected as criterion, usually, at 5 wt% mass loss according to literature (Vedhanayagam et al., 2020). The TGA results indicated that T5 of ZDMA modified PMMA were all higher than unmodified PMMA and increased with the ZDMA mass fraction, implying that the thermal stability of ZDMA modified PMMA had been improved.




Figure 3 | TGA weight loss curves of each group.




Table 1 | Comparative study of TGA data for each group.






3.1.3 Surface roughness

The surface roughness was examined via AFM, and Figure 4 illustrates representative images and Ra values of each group. The control group showed the lowest Ra value (107.2 ± 2.76 nm). Compared with the control group, ZDMA modified PMMA groups have shown higher Ra values, 108.8 ± 2.59 nm, 110.1 ± 2.24 nm and 110.8 ± 1.63 nm, and there was an absence of statistically significant difference among these three experimental groups (p > 0.05). The 5 wt% ZDMA group (110.8 ± 1.63 nm) displayed the highest Ra values and significantly higher than the control group (p < 0.05).




Figure 4 | Surface roughness of each group. (A) Means ± standard deviations for Ra values of each group (*p < 0.05). (B) Representative AFM image of each group.






3.1.4 Water contact angle

The water contact angles of each group are exhibited in Figure 5. The control group showed the highest hydrophobicity with a contact angle of around 72.1 ± 1.4°. After ZDMA was incorporated into PMMA, as the mass fraction increased (1 wt%, 2.5 wt% and 5 wt%), the contact angle decreased gradually. The contact angle of 5 wt% ZDMA group (59.57 ± 1.53°) was the lowest among these groups and significantly lower than other groups (p < 0.001).




Figure 5 | The water contact angle measurements of different specimens. (A) Means ± standard deviations for contact angle of each group (*p < 0.05, **p < 0.01, ***p < 0.001). (B) Representative contact angle image of each group.







3.2 Antifungal activity



3.2.1 CFU

The amount of C. albicans colonies (CFU/ml) from each group are shown in Figure 6. The C. albicans colonies of the control group were much denser than those of other experimental groups (p < 0.001). For the specimens with ZDMA added, those with 5 wt% ZDMA mass fraction PMMA showed the lowest number of colonies among all groups, about 2-fold lower than the control.




Figure 6 | The number of C. albicans colonies detached from each group. (A) Representative images of C. albicans colonies of each group. (B) Means ± standard deviations for C. albicans colonies of each group ( **p < 0.01, ***p < 0.001).






3.2.2 Crystal violet assay

The C. albicans biomass accumulation was indicated by CV assay and the results are shown in Figure 7. The variance of the C. albicans biomass accumulation for each group was similar to the CFU results. Compared with the control group (2.67 ± 0.01), the biomass accumulation reduced with the ZDMA incorporation. When the mass fraction of ZDMA up to 5 wt%, the biomass accumulation was the lowest (2.07 ± 0.06), reduced significantly compared with the control group (p < 0.05).




Figure 7 | The visualization of C. albicans biofilm formation and means ± standard deviations for C. albicans biomass accumulation of the specimens for each group (*p < 0.05, **p < 0.01).






3.2.3 Live/dead staining

Representative live/dead staining images of the C. albicans biofilm on the surface from each group are shown in Figure 8. The live microbial cells were stained green while the microbial cells with compromised membranes were stained red, and the overlap of live and compromised membranes were stained orange. The control group was primarily covered with live microbial cells with green staining, while the proportion of red staining significantly increased in ZDMA modified PMMA groups, indicating that dead microbial cells obviously increased.




Figure 8 | Representative live/dead staining images of C. albicans biofilms on specimens of each group.






3.2.4 SEM observation

The morphology and distribution of the C. albicans adhered to the surface of each group observed by SEM are shown in Figure 9 and it is obvious that the biofilm of the control group was much denser than those in experimental groups. The C. albicans in the control group shrank less, exhibited a more complete plump shape and formed more contiguous and thicker biofilm covering the entire acrylic surface. The amounts of adhered C. albicans on the ZDMA modified PMMA surface reduced significantly and decreased as the mass fraction of ZDMA increased. Compared with the control group, ZDMA modified PMMA displayed a sparse and less C. albicans compact biofilm distributed on its surface.




Figure 9 | Representative scanning electron microscopy images showing morphologic changes of C. albicans on the specimens of each group: Images (A–D) represent SEM observation at 3000 magnifications. Images (E–H) represent SEM observation at 10000 magnifications.






3.2.5 Detection of intracellular ROS production

The levels of intracellular ROS in C. albicans were detected by DCFH-DA fluorescent probe in the present study. DCFH-DA itself has no fluorescence and it can pass through the cell membrane freely. Once inside, DCFH-DA is first hydrolyzed into DCFH by lipase, and then be oxidized to DCF, with strong fluorescence, by ROS. Accordingly, the production of ROS in cells can be examined by the DCF fluorescence intensity. The fluorescence intensity and representative staining images of each group are displayed in Figure 10. As shown in Figure 10A, there was almost no fluorescence production when the co-culture of C. albicans with unmodified PMMA. In the experimental groups, the fluorescence amount and intensity significantly increased with the incorporation of ZDMA. The data of fluorescence intensity detecting by fluorescence spectrophotometer are shown in Figure 10B. No fluorescence expression detected in the control group. The ROS fluorescence intensity in C. albicans adhering to the specimen surface of experimental groups was in direct proportionate to the increased mass fraction of ZDMA. The fluorescence intensity of 5 wt% ZDMA group was the highest, significantly higher than 1 wt% ZDMA group (p < 0.01).




Figure 10 | The expression of intracellular ROS in C. albicans. (A) Representative ROS fluorescence staining images from each group. (B) Means ± standard deviations for fluorescence intensity of each group (**p < 0.01).







3.3 Cytotoxicity

The in vitro cell viability and cytotoxic effect of the extracts from each group against HGFs were measured and imaged as shown in Figure 11. The relative cell viability reduced with the mass fraction of ZDMA increased among the experimental groups compared with the control group. The 5 wt% ZDMA group exhibited the lowest cytocompatibility, decreased by 19.1% at most and significantly lower than the control group (p < 0.05). With the extension of extracting time, the relative cell viability of each group all decreased. In the present study, the relative cell viabilities were all greater than 90%. The effect of the extracts from each group in different experimental time on HGFs cell proliferation activity were determined by live/dead cell staining kit, and live cells were dyed green with calcein AM while dead cells displayed red due to propidium iodide. Live/Dead double staining assay (Figure 11B) presented that the live cells (green) accounted for more than 90% of the total cells in all groups, but it was obvious that with the increase of mass fraction of ZDMA, the proportion of dead cells (red) increased significantly, particular in 5 wt% ZDMA group.




Figure 11 | Cytotoxicity results of the extracts from each group. (A) The cytotoxicity of the extracts from each group determined by MTT assay (*p < 0.05, **p < 0.01). (B) Representative images of live/dead double staining of HGFs seeded with the extracts for each group and different extracting time.







4 Discussion

PMMA is the most commonly utilized polymers in clinical dentistry due to its great physiochemical properties and cytocompatibility (Zafar, 2020). However, the use of PMMA resin in the oral provides more surfaces for microorganism adhesion and alters biofilms distribution, impacting its application and oral health (Gad et al., 2017). Many attempts have been proposed to overcome such deficiency, such as incorporating QAS monomer into PMMA resin matrix. Such quaternary ammonium compound incorporation was reported to be cytotoxic and impacting mechanical properties (Beyth et al., 2008; Pei et al., 2018). To address these issues, in our previous study, ZDMA, a versatile crosslinker, was incorporated into PMMA matrix to generate a novel kind of metal methacrylate modified PMMA resin, and it was found that when the mass fraction of ZDMA was no more than 5 wt%, ZDMA provided modified PMMA antibacterial action against S. mutans and mechanical properties enhancement. In this study, surface characteristics, antifungal property, cytocompatibility and other physiochemical properties were further detected, and the results indicated that the incorporation of ZDMA significantly affected C. albicans adhesion and activity, without impacting its cytocompatibility.

FTIR results in Figure 2 displayed that all groups contained the characteristic absorption peaks of PMMA, demonstrated that the main structural component of all specimens is the PMMA polymer (Muhammad et al., 2022). The appearance of new absorption peaks in experimental groups at 1425.38 cm-1, 1537.12 cm-1 and 1655.48 cm-1 related to ZDMA (Chen et al., 2013a) also confirmed itself blend modification with PMMA matrix. The resulting modified PMMA resin not only have both PMMA and ZDMA characteristic chemical bonds information, but also showing some new absorption peaks in the range of 1400 cm-1 to 550 cm-1. The appearance of these new transmittance revealed some chemical bonding and physical blend between ZDMA and PMMA in those modified composites (Elmergawy et al., 2021). One of the noteworthy IR peaks among the transmittance was the stretching vibration peak at 1208.32 cm-1. The C=C double bond of ZDMA opened and then the single bond C-(-C=O-)-O generated (Ambrožič et al., 2011; Chen et al., 2013b). The stretching vibration peak around 1208 cm-1 represented the generation of the single bond C-(-C=O-)-O. In the present FTIR spectrum (Figure 2), the appearance of IR peak at 1208.32 cm-1 revealed cross linking of ZDMA monomer in the composite. However, the FITR spectrum only confirmed the generation of cross linking in ZDMA, more specific results about cross linking degree or efficiency should be justified by other characteristic tests.

The thermal characteristics enhancement of the ZDMA modified PMMA resin could be observed studying the TGA results. ZDMA, a kind of ionic crystalline solid, is high in melting point and stable in chemical structure due to the strong interaction between positive and negative charges of the two ionic crosslink bonds (Xia et al., 2021). As it turns out that the second and third stage of the thermal degradation in all ZDMA modified specimens postponed, and the delay degradation stage may result from the incorporation of ZDMA which could increase the bond energy and stability of the composites (Chrysafi et al., 2020). Water contact angle is often used as an indicator for hydrophilic/hydrophobic properties of polymers surfaces. As illustrated in Figure 5, the contact angle of ZDMA modified PMMA were significantly lower compared with the unmodified PMMA, implying the incorporation of ZDMA increase the surface hydrophilicity of the composites. This may be partly attributed to the molecular structure of ZDMA. The hydrophilic functional groups, including carboxyl, hydroxy, carboxylate and acylamino groups, etc, impart hydrophilicity to the polymers (Zimudzi et al., 2018). ZDMA is a kind of unsaturated metal carboxylates, containing two unsaturated carboxylate groups (Chen et al., 2013b; Xia et al., 2021) (its structure was shown in Figure 1). The incorporation of ZDMA provided more hydrophilic groups than unmodified PMMA which may result in the hydrophilicity increase (Nonkumwong et al., 2018).

The application of PMMA denture base resin placing into oral changes the oral environment as well promotes the microbials formation and attachment on the composites surface. The most common isolated oral microorganisms from PMMA denture base resin are C. albicans, which is primarily leading to denture stomatitis, and S. mutans, which is mainly responsible for dental caries (Lapinska et al., 2020). Some studies have reported that S. mutans have a close association with increasing C. albicans biofilm formation (Pereira-Cenci et al., 2008). Therefore, it is crucial for ZDMA modified PMMA denture base resin to detect the potential antibacterial and antifungal effect against S. mutans and C. albicans. In our previous study, ZDMA modified PMMA has been proved to process antibacterial property against S. mutans while this study evaluated the antifungal effect on C. albicans. The amount of adherent and the activity of C. albicans on the ZDMA modified PMMA surface was significantly reduced by the addition of ZDMA, especially with the ZDMA mass fraction increased (as shown in Figures 5–8). The antifungal activity of ZDMA modified PMMA resin against C. albicans could be generally considered to be the contribution of the divalent Zn2+ connected with two methacrylate groups in ZDMA molecular structure. Zinc-containing dental materials, such as zinc oxide-eugenol cements and zinc ion coating implants, have been reported to show great antimicrobial performance against microbial strains (Arun et al., 2020; Yin et al., 2021). The ROS formation activated by Zn2+ is the key in microorganism inhibition (Wu et al., 2009). The excited electron catalyzed by Zn2+ react with the oxygen absorbed on the Zn2+, and then reduce the oxygen into ROS or hydroxyl radicals. Such ROS or hydroxyl radicals with strong redox activity would lead to the cell membrane and protease structure damage, microbial cell dysfunction, and ultimately exerting antimicrobial effects (Vedhanayagam et al., 2020; Yang et al., 2021). In the present study, the intracellular ROS fluorescence intensity were detected in C. albicans adhering to ZDMA modified PMMA surface but no fluorescence intensity in C. albicans on unmodified PMMA surface. These results uncovered that the ZDMA modified PMMA exerts its antifungal activity through Zn2+ induced ROS accumulation in C. albicans.

Moreover, apart from the active antimicrobial ingredients, another primary influence upon microorganism adhesion were the physicochemical property of the dental material surface, including van der Waals force, surface energy, hydrophobicity and roughness, etc (Lee et al., 2018; Kallem et al., 2021). Surface roughness is one of the key determinant factors in dental materials application. There are many previous studies have reported that surface roughness could substantially affect bacterial adhesion on the surface of polymers, susceptible to cause oral health issues (Zou et al., 2017). It was determined that the Ra value over 0.2 µm leading to an increase of microorganism attachment (Al-Harbi et al., 2019). In the present study, the surface of each sample remained unpolished to make the comparison even handed between groups. The AFM results in Figure 4 showed that the Ra values of ZDMA modified PMMA increased with the mass fraction of ZDMA increase. Among these experimental groups, the Ra values of 5 wt% ZDMA group increased by 3.4% compared with unmodified PMMA. Although, ZDMA incorporation increased the surface roughness of modified PMMA resin, it remained significantly below the suggested threshold of dental materials (Ra ≤ 0.2 µm) to avoid negative impact in application, such as microorganism adhesion and accumulation. In addition, an associated change with surface characteristic was the hydrophilicity enhancement in ZDMA modified PMMA resin. The hydrophilicity/hydrophobicity significantly influence the microorganism adherence and accumulation on materials surface (Hamid et al., 2021). The hydrophobic interaction occurs between the microbial surface and PMMA resin, leading the microbial cells to overcome the initial electrostatic repulsive forces between them (Krasowska and Sigler, 2014; Aati et al., 2022), thereby enhancing microbial biofilm adherence over the substrates. Another plausible explanation could be that hydrophobic surfaces favors proteins accumulation which provide specific binding sites for microbiomes and thus accelerating and facilitating their adhesion as well (An and Friedman, 1998). The surface hydrophilicity enhancement would lead to the formation of a tight water layer that create a physical barrier and then inhibit microbial adhesion. The results in the present study were consistent with the aforementioned studies, the amount of C. albicans adherence to the surface of the modified PMMA reduced significantly with the surface hydrophilicity enhancement, that confirmed by the CFU counting, biomass accumulation examining by CV assay, and the evident biofilm observation through SEM. The incorporation of ZDMA into PMMA matrix increased the composites hydrophilicity and then reduced the C. albicans attachment on its surface.

Biocompatibility of dental materials is a critical consideration for application in clinical (Caldas et al., 2019). In the present study, the inhibition about HGFs cell viability with ZDMA modified PMMA enhanced with the ZDMA mass fraction increase and the extension of extracting time. This may partly result from the incomplete cured residual monomer (Ausiello et al., 2013), including MMA and ZDMA, leaching out from resin matrix. The unpolymerized monomer can induce adverse effects in biological tissues through cell DNA damage, inhibiting cell cycle, et al (Issa et al., 2004). Apart from this, ZDMA modified PMMA resin can not only induce C. albicans to generate ROS to exerts its antifungal activity but also induce normal cells to product ROS leading to itself apoptosis, and this may impact biocompatibility. The results of cytotoxicity in the present study supports our inference about the inhibition in cell viability. In general, despite an inhibition in cell viability compared the unmodified PMMA resin, it was still all above 90% in all ZDMA modified PMMA, considered well biocompatibility according to the International Organization for Standardization (ISO) 10993-5 standard (Walters et al., 2016).

The achieved results in the present study verified the hypotheses that incorporating ZDMA into PMMA resin increased the hydrophilicity and roughness without enhancing microbial adhesion compared with unmodified PMMA; incorporating ZDMA into PMMA resin achieved great antifungal effects and without inducing any cellular side effects.




5 Conclusion

A novel metal methacrylate monomer modified PMMA denture base resin was developed in the present study. With the ZDMA mass fraction increased (up to 5 wt%), the thermal stability and surface hydrophilicity enhanced significantly, and the surface roughness also increased while remained below the recommended threshold. Moreover, ZDMA modified PMMA resin showed great antifungal activities without inducing any cytotoxic effects. Therefore, the modification of PMMA denture base resin with ZDMA monomer holds a promising future in clinical dentistry.
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Bacterial biofilms are complex microbial communities encased in extracellular polymeric substances. Their formation is a multi-step process. Biofilms are a significant problem in treating bacterial infections and are one of the main reasons for the persistence of infections. They can exhibit increased resistance to classical antibiotics and cause disease through device-related and non-device (tissue) -associated infections, posing a severe threat to global health issues. Therefore, early detection and search for new and alternative treatments are essential for treating and suppressing biofilm-associated infections. In this paper, we systematically reviewed the formation of bacterial biofilms, associated infections, detection methods, and potential treatment strategies, aiming to provide researchers with the latest progress in the detection and treatment of bacterial biofilms.
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1 Introduction

Bacterial biofilms have become an essential contributor to global health problems due to antibiotic resistance, the host’s immune defense system, and other external pressures. Biofilms are commonly found on the surface of hospital instruments and body tissue, in industry, food processing units, and natural environments (Schulze et al., 2021). Almost all bacteria can form biofilms.

Bacterial biofilms are usually defined as fixed microbial communities encased in extracellular polymeric substances (EPS). It is characterized by changes in the irreversible adhesion of microbial cells to surfaces or substrates or each other, embedded in EPS, and exhibiting specific phenotypes in terms of gene transcription and growth rates. A bacterial biofilm is composed of a single microorganism or a mixture of bacteria, fungi, archaea, protozoa, and yeasts. It has a channel structure that controls the release of gases, nutrients, and antimicrobials.

Free-floating bacterial cells can also aggregate to form biofilms, which exhibit similar characteristics to medical device-related biofilms (Hall-Stoodley et al., 2012). With the improvement of medical technology, the widespread use of medical devices, and the pursuit of high quality of life for patients, medical device-associated biofilms pose a severe threat to the life and health of patients. Microorganisms can adhere to almost all medical devices and cause medical device-associated biofilm infections. Device-associated infections usually occur during treatment, where some microorganisms originate from the host. When these microorganisms attach and colonize the surface of a medical device, they can form a biological container. The pathogenesis of medical device-associated infections is related to microorganisms in complex communities that adhere to and grow on device surfaces. Medical device-related biofilms can consist of single or multiple species, depending primarily on the type of device and the time it is left in the patient’s body. In most cases, device-associated infections are associated with biofilm formation on device surfaces. When floating bacteria come into contact with the surface of a medical device, they secrete polymers that create a three-dimensional matrix, which eventually sticks to the surface of the device, forming a biofilm structure. When the biofilm on the surface of implanted medical devices reaches a critical level, it can induce an inflammatory response in the host and may even cause implant failure. The most common microorganisms for medical device-associated infections are Staphylococcus aureus and Staphylococcus epidermidis. Multi-resistant gram-negative bacteria (e.g., Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter baumannii) can also cause medical device-associated infections in complex hospital settings (Niveditha et al., 2012). In addition, microorganisms can adhere to various tissue surfaces in the body (e.g., skin, connective tissue, intestinal mucosa, vascular endothelium, oral cavity, airway, bone tissue, and vagina), which in turn can cause non-device (tissue) -associated biofilm infections and lead to various diseases (Wi and Patel, 2018). When microorganisms in the oral cavity attach to enamel, dentin, and mucosal epithelial tissues, they can form a dental plaque, which is influenced by the nature of the attachment surface, the intraoral environment, and the state of oral health.

When stimulated by the harsh environment, the exopolysaccharides, fibrins and lipoproteins secreted by bacteria adhere to the surface of inert objects and form microbial substances. EPS is conducive to bacterial adhesion and promotes the formation of a biofilm matrix composed of extracellular polysaccharides, exogenous DNA, proteins, and lipids (Schilcher and Horswill, 2020; Chiba et al., 2022). The EPS matrix reduces the effect of antibiotics by neutralizing antimicrobial agents or limiting diffusion using extracellular polysaccharides. EPS facilitates intercellular communication, protects cells from chemical damage, provides oxygen diffusion, releases extracellular enzymes for nutrition and, in turn, stimulates the spread of bacteria within the biofilm (Costa et al., 2018; Galdiero et al., 2019). Bacterial biofilms are highly structured, functional, specific and coordinated. Various substances in biofilms coordinate to complete several life activities, such as bacterial biofilms’ morphological diversity, adhesion and protective barrier function. Taking P. aeruginosa as an example, Table 1 shows the main components and basic functions of biofilms.


Table 1 | Main components and basic functions of P. aeruginosa biofilm.



Bacterial biofilms are communities of microorganisms derived from single or multiple bacterial strains. Compared with single-species biofilms, multi-species biofilms showed the following new characteristics through interspecies interactions: increased biofilm mass, increased community cell count, enhanced metabolic activity of community members, increased antimicrobial tolerance, and changes in spatial organization and structure (Sadiq et al., 2021). Multispecies biofilms exhibit new characteristics different from their floating state, resulting from competition or cooperation. The interactions among bacteria of multiple species are synergy, mutual benefit, cooperation, utilization, antagonism, and competition (Liu et al., 2016). Among them, synergistic interactions play an important role in regulating bacterial microbial activity and constructing complex spatial structures of multispecies biofilms. The cooperation and competition between bacterial cells promote the formation of multispecies biofilms. Multispecies biofilms are found in many natural environments, such as the oral cavity, implantable medical devices, and mammalian intestines. The physical interactions, co-adhesion, and metabolic cooperation among bacterial cells promote the formation of multispecies biofilms in natural environments. Until now, research has focused on single-species biofilms. But now microbiologists are paying more attention to multispecies biofilms and cell interactions between communities. The early stage of multispecies biofilm formation is the adhesion and aggregation of microbial cells. Different biofilm-forming abilities and strategies of various bacteria and microorganisms lead to the formation of multiple types of biofilm (Yao et al., 2022). Multispecies biofilms are associated with developing various diseases, such as cystic fibrosis, diabetic foot ulcers, chronic wounds, and otitis media (Chan et al., 2017; Loera-Muro et al., 2021). The development and outcome of multispecies biofilm-associated diseases are related to the physiological organization and distribution of biofilms.

Due to species diversity, the various stages of bacterial biofilm formation vary but are generally close. The formation of bacterial biofilms is a multi-step process, as shown in Figure 1, including molecular attachment to the surface of an object, bacterial adhesion and secretion of extracellular polymeric substances, maturation of the biofilm through the formation of colonies, and bacterial cell escape and dispersion and formation of a new biofilm structure (Kranjec et al., 2021). The process of bacterial biofilm formation is detailed below.




Figure 1 | Steps to bacterial biofilm formation. (A) Reversible attachment. (B) Irreversible attachment. (C) Bacterial cells synthesize and secrete EPS. (D) Maturation. (E) Dispersal.



The attachment of bacterial microorganisms to a surface is the first stage of bacterial biofilm formation. The bacterial cells are transported to the object’s surface by convection, Brownian motion, or sedimentation (Palmer et al., 2007). Chemotaxis is prevalent in bacterial microorganisms and refers to the ability of planktonic bacterial cells in fluids to move along a distribution of material concentrations towards chemically induced substances (i.e., sugars and amino acids) or nutrient sources. It promotes interaction between bacterial cells and the surface of an object, which in turn stimulates the colonization and growth of planktonic bacteria on the surface. When planktonic bacteria reach the surface of an object, the sum of the attractive or repulsive forces between the cell surface and the object’s surface determines the interaction between the two characters. When the repulsive force is greater than the attractive force, bacteria cannot adhere to the surface; conversely, when the attractive force is greater than the repulsive force, bacteria can stick to the surface (Carniello et al., 2018). Planktonic bacteria adhere to the surface of objects by non-specific physical forces such as van der Waals forces, electrostatic forces, and hydrophobic interactions (Carniello et al., 2018), and planktonic microbial cells are transformed into stable cells. Still, the process is reversible, and the adhesion is weak. Reversible bacterial cells can maintain a two-dimensional structure Brownian motion and can separate from the surface of an object by their mobility and shear effects. The substrate required for bacterial biofilm growth refers to all substrates that come into contact with planktonic bacteria. Physico-chemical properties such as the substrate surface’s roughness, hydrophobicity, film modulation, and surface charge can influence the efficiency of planktonic bacterial colonization and biofilm formation.

Hydrophobicity plays a vital role in the attachment of bacterial microorganisms to surfaces. A hydrophobic surface is more conducive to bacterial microbial colonization than a hydrophilic material, probably due to the hydrophobic effect, which reduces the repulsion between the bacterial cell surface and the substrate. Yu et al. (2016) suggest that Streptococcus mutants’ attachment can influence the hydrophobicity and roughness of the substrate. Bacterial cell surface hydrophobicity is influenced by multiple factors such as bacterial species, growth rate, and culture medium. Hydrophobicity affects the attachment of bacterial microorganisms to surfaces, and when the surface of a bacteria or object is more hydrophobic, the stronger the adhesion between the two. The structural and physicochemical properties of bacterial cells and object surfaces determine whether bacteria attach to hydrophilic or hydrophobic surfaces. Another physical factor affecting bacterial microorganisms’ attachment surface is the surface charge. Many amino, carboxyl, and phosphate groups in most bacterial cells give them a negative surface charge. A positively charged surface facilitates the attachment of planktonic bacteria, while a negative charge hinders the attachment of bacteria (Tuson and Weibel, 2013). The surface charge of bacterial cells is influenced by bacterial species, age, environmental pH, ionic strength, and culture medium. The regulatory film is an integral part of the bacterial adherent surface. Almost all planktonic bacteria come into contact with the regulatory film as they transit from the medium to the surface. It is formed as a nutrient adsorbed onto the surface of an object, resulting in a change in the physicochemical properties of the material surface, which in turn affects the attachment of bacterial cells.

The second phase is irreversible adhesion, where microbial cell surface components can recognize bacterial adhesion molecules and consolidate bacterial interconnections (Nourbakhsh and Namvar, 2016). This phase is accomplished through bacterial cell surface hydrophobicity, hydrogen bonding, covalent bonding, ionic bonding, and dipole-dipole interactions. As bacterial cell surface adhesion structures, flagella and fimbriae can form bacterial biofilms and contribute to the physical contact of planktonic bacteria with the substrate (Carniello et al., 2018). Flagella can swim in liquid substances and swarm on the surface of wet solid substances. Through these two forms of movement, various species of bacterioplankton direct cell adhesion to surfaces and transfer to favorable environments. Flagella initiate the adhesion of planktonic bacterial cells to surfaces, primarily because of the ability of flagella to overcome the resistance that prevents cell-surface interactions. Fimbriae also contribute to the early adhesion of bacterial cells to surfaces and each other. P. aeruginosa generates bacterial cell surface motility through fimbriae in a manner known as twitching motility. As an intercellular signaling mechanism, the Quorum sensing (QS) system also significantly facilitates the formation of bacterial biofilms in single cells (Abraham, 2016). Bacterial cells use means through QS to synthesize and release first messengers, such as chemical signals, to enable communication between bacterial flora. Both Gram-positive and Gram-negative bacilli affect the formation of bacterial biofilms. Gram-positive bacilli utilize oligopeptides, while Gram-negative bacilli utilize acyl homoserine lactones (Muhammad et al., 2020).

Bacterial cell synthesis and secretion of EPS is the third stage of bacterial biofilm formation. EPS substrate is hydrophobic and ion bridging, which can promote bacterial condensation and biofilm adhesion. EPS can affect surface adhesion, bacterial biofilm formation, biofilm internal structure, mutual recognition between cells, signal transduction system, nutrient acquisition, cell maintenance, and genetic information exchange, playing a crucial role in various aspects (Costa et al., 2018). The second messenger, c-di-GMP, can stimulate bacterial adhesion from a reversible to irreversible state, mainly due to its ability to produce the EPS matrix and form bacterial cell surface structures. As an essential component of the EPS matrix, extracellular polysaccharides are necessary for most bacteria to form biofilms and promote their development. EPS is also rich in proteins (i.e., enzymes)and protein structures (i.e., fimbriae). At the same time, eDNA and lipids are also components of the EPS matrix. The former can connect to bacterial cells, while the latter can affect the attachment of Thiobacillus ferrooxidans (Flemming et al., 2016).

The maturation of bacterial biofilms is the fourth stage of biofilm development. Bacterial biofilms mature as bacteria replicate and multiply in the EPS matrix, forming small microbial colonies and generating three-dimensional structures. As the EPS matrix accumulates and bacterial colonies form, this leads to altered gene expression, and the induction products of these genes can be used for EPS matrix generation. When the matrix is formed, water channels can be generated, which act by a mechanism similar to the body’s circulatory system to deliver available nutrients to the cell community while rejecting extraneous products.

The process of dispersal of bacterial biofilms is the final stage of biofilm development. After a while, the mature bacterial biofilm may suffer damage, and the biofilm structure evolves. Still, the released bacterial microorganisms can infect other parts of the organism and form new biofilm structures. The mechanisms of dispersal are different due to the specificity of the bacteria. Still, all broadly involve the following three standard processes: detachment of bacterial cells from small colonies, transfer of bacterial cells to other substrates, and attachment of bacterial cells to new substrates (Shen et al., 2018). The process of detachment of bacterial biofilms can be either active or passive behavior. Active behavior refers to seeding dispersion, where bacterial cells in the biofilm undergo their detachment to adapt to environmental changes when the bacterial biofilm is subjected to matrix-degrading enzymes, antimicrobials, and nutrient deprivation. Passive behavior refers to shedding and erosion dispersion mediated by external forces (e.g., shear). Shedding dispersion refers to the abrupt shedding of a large proportion of the bacterial biofilm, and erosion dispersion refers to releasing a portion of bacterial cells in a bacterial biofilm. Low expression levels of c-di-GMP can inhibit the formation of bacterial biofilms and promote biofilm separation (Kaplan, 2010). Thus, inhibition of the c-di-GMP signaling pathway can effectively disperse bacterial biofilms. Changes in environmental factors such as temperature, pH, oxygen, and nutrient content can also affect the dispersion process of bacterial biofilms. For example, low-oxygen environments can facilitate bacterial biofilm dispersion by accelerating the rate of c-di-GMP degradation. Increased glucose levels can reduce the amount of c-di-GMP in the organism and promote flagellar synthesis, which slows down the progress of separation (Lee and Yoon, 2017).

The process of bacterial biofilm formation is influenced by temperature and blood pH changes, nutrient content, quorum sensing, Brownian motion, and surface properties. At the same time, different strains and signal transduction also affect the formation of bacterial biofilm. The structure of mature biofilm is a matrix layer, regulatory layer, connective layer and bacterial biofilm layer from inside to outside.

Microorganisms can form biofilms on the surface of the device, causing the development of infectious diseases in the organism. Medical implants have brought hope to the medical revolution and provided new opportunities for human life and health progress. Still, they also increase the risk of infections in the body tissues. Bacterial adhesion is the first step in forming biofilms for device-related infections and is divided into two stages: initial non-specific reversible adhesion and specific irreversible adhesion. S. aureus and S. epidermidis are the main strains (Pietrocola et al., 2022). These microorganisms can come from the patient’s skin, the healthcare worker’s skin, or the environment. S. epidermidis adheres to each other and medical devices by using adhesins. S. aureus relies on adhesin ligands (fibronectin, fibrinogen, and collagen) for its adhesion (Darouiche, 2001). The prerequisite for device-related biofilm formation is the coating of the medical device with plasma proteins (Arciola et al., 2018). The type and amount of plasma proteins adhered to the device surface are mainly determined by the surface’s physicochemical properties and the plasma proteins’ characteristics. When S. aureus sticks to the surface of a medical device, it can interact through adhesins. Adhesins specifically recognize plasma proteins coated on the surface of the device. S. aureus can then proliferate and produce EPS composed of extracellular polysaccharides, proteins, and eDNA. The final stage is when the S. aureus community disperses and spreads the infection (Pietrocola et al., 2022). Inhibition of EPS production, enzyme-promoted EPS degradation, and surfactants all contribute to the bacterial dispersion process (Solano et al., 2014). The characteristic change of biofilm dispersion in S. aureus is the formation of phenol-soluble modulins (PSM) and extracellular enzymes. PSM plays an essential role in the diffusion stage of biofilm. It disrupts the non-covalent binding forces that strengthen the biofilm matrix, helping to form channels for transporting nutrients to deeper biofilm layers (Peschel and Otto, 2013).

Biofilms are a persistent cause of infection in implanted medical devices. The formation of device-related biofilms is closely related to the interactions between microbial cells. The common microorganisms that can form biofilms on the surface of equipment include S. aureus, S. epidermidis, E. coli, P. aeruginosa, K. pneumoniae, and Enterococcus faecalis. When a medical device is contaminated with these microorganisms, the formation of biofilms depends on several factors. First, the microorganisms must adhere to the exposed surface of the implant long enough to reach the irreversible attachment stage. The adhesion speed of microbial cells on the surface of the device mainly depends on the content and types of bacterial cells in the liquid exposed by the equipment, the liquid’s flow speed, and the physical and chemical properties of the surface. At the same time, the composition of the fluid can change the properties of the device’s surface and affect the rate of cell attachment. When microbial cells irreversibly adhere to the surface of a medical device and produce EPS to form a biofilm, the rate of growth and development is influenced by the flow rate, nutrient content, antimicrobial concentration, ambient temperature, and pH (Donlan, 2001). In the absence of antimicrobial agents, when a medical device is implanted in a host, the surface of the device is immediately surrounded by multiple fluids (e.g., blood, saliva, urine, and other fluids). Mucopolysaccharides, glycoproteins, and metal ions then appear within minutes. These substances can penetrate and adhere to the surface of the device. The bacterial cells can use their surface-specific adhesion molecules to recognize the device surface receptors and thus undergo the adhesion process. Once the microorganism adheres to the device surface, the gene expression level is immediately affected. During the growth and reproduction phase, bacterial cells can synthesize EPS, form microbial communities, and then form biofilms (Huang et al., 2022).

Microorganisms colonize almost all central venous catheters implanted in patients. The most common microorganisms that form catheter biofilms are S. aureus, S. epidermidis, P. aeruginosa, and K. pneumoniae (Elliott et al., 1997). These microorganisms can move outward from the skin or inward from the port along the outer surface of the central venous catheter. Colonization of the catheter surface by microorganisms can occur within 24 hours. Biofilms can commonly form on the surface of central venous catheters, but the location and extent of bacterial biofilm formation are influenced by the time of catheter implantation. When the catheter is implanted <10 days, more biofilms can form on the external surface of the catheter. When implanted >30 days, biofilms are more likely to form in the catheter lumen (Raad et al., 1993). Common contaminating microorganisms on urinary catheters are S. epidermidis, E. faecalis, E. coli, P. aeruginosa, and K. pneumoniae. When the catheter is implanted in the body, these microorganisms tend to form biofilms on the internal and external surfaces. The longer the catheter is left in place, the greater the ability of these microorganisms to form biofilms and the greater the likelihood of causing urinary tract infections.

Microorganisms can form biofilms on non-device (tissue) surfaces. There are several stages of dental plaque biofilm formation. First, the tooth’s surface is covered with an organic “membrane” composed of immunoglobulins, carbohydrates, and glycoproteins. These substances can adhere to the surface of hydroxyapatite through electrostatic interactions. This interaction is generated between Ca2+, phosphate, and molecular groups with opposite charges in saliva. Among other things, carbohydrates comprise intracellularly stored polysaccharides and other intracellularly present polysaccharides. Water-insoluble glucans and fructans promote the attachment of bacterial cells to the tooth surface (Jakubovics et al., 2021). Bacterial cells can bind to surface organic membranes, leading to interactions between adhesion factors and fimbriae, capsules, and complementary receptors. Subsequently, the bacterial cells adhering to the tooth surface can produce various exopolymers to synthesize biofilm EPS (Mirzaei et al., 2020). Maturation and dispersion of dental plaque biofilm is the final stage. During the initial process of dental plaque biofilm formation, the source of nutrition for microbial cells is through the breakdown of salivary substrates (e.g., mucins and other glycoproteins) (Jakubovics, 2015). P. aeruginosa is the leading cause of death in patients with cystic fibrosis combined with P. aeruginosa infection due to its high virulence factor, biofilm formation, and resistance to antimicrobials. High levels of c-di-GMP expression generally promote matrix production and biofilm formation. In contrast, low levels of c-di-GMP expression down-regulate matrix production and can lead to a bacterial planktonic lifestyle. Carbon starvation and nitric oxide signaling can affect phosphodiesterase activity in P. aeruginosa cells, reducing the intracellular expression of c-di-GMP in the cells (Bjarnsholt et al., 2010). P. aeruginosa can produce a small molecule that can induce the dispersion of mature biofilms (Davies and Marques, 2009).

Bacterial biofilms provide an excellent and stable homeostasis environment that prevents host immune cells and antibiotics from entering the bacterial biofilm community while protecting bacterial microorganisms from the effects of blood pH, osmotic pressure, and nutrient deficiency. Thus, by providing a physical barrier for bacteria and microorganisms, bacteria can communicate with each other and co-exist, even in harsh conditions. This communication mechanism, called the quorum sensing system, comprises extracellular chemical signals (known as autoinducers). The QS system can help bacteria and microorganisms sense population density and influence biofilm formation and maturation, antibiotic resistance, bacterial communities, and bacterial-host interactions (Whiteley et al., 2017; Paluch et al., 2020). At the same time, some signaling molecules in bacterial microorganisms, such as c-di-GMP, can affect bacterial behavior, including cell cycle, cell movement, pili synthesis, RNA regulation, stress response, and bacterial virulence (Loera-Muro et al., 2021). Bacterial biofilms have specific immune escape mechanisms, including inhibition of immune cell function, alteration of gene expression, obstruction of immune recognition, and mechanical protection (Campoccia et al., 2019; de Vor et al., 2020). When bacterial organisms accumulate on the surface and form biofilms, the clearance function of immune cells is impaired, a phenomenon known as impaired phagocytosis (Urwin et al., 2020).

To provide additional research on bacterial biofilms, we review bacterial biofilm-associated infections, describe current methods used to detect biofilms and effective strategies for treating bacterial biofilms, and give an outlook on the development and future of bacterial biofilms.




2 Biofilm-associated infection

Bacterial biofilms can cause serious infections, such as multidrug-resistant, broad-spectrum drug-resistant, and complete drug-resistant bacteria. Currently, more than 80% of bacterial infections are caused by the formation of bacterial biofilms (Fleming and Rumbaugh, 2017). Bacterial biofilms can cause disease in the body through device-related and non-device-related infections. The following will describe the biofilm infections in terms of both and the relationship of bacterial microorganisms to infectious diseases and adhesive surfaces.



2.1 Device-related infections

The use of medical devices improves the quality of life for patients. Still, suppose bacterial biofilms form on the surfaces of medical implants (e.g., dental devices, catheters, heart valves, ventricular shunts, joint prostheses). In that case, they may cause bloodstream and urinary tract infections, posing a severe threat to global health. Medical device-associated infections are closely linked to biofilm formation, and the bacterial biofilm on the surface of most devices is composed of a variety of bacteria. Bacterial organisms first attach to the surface of the medical device or the surrounding tissue of the breakage. Bacterial cells proliferate, develop, and form a bacterial biofilm, which is then encapsulated in the EPS. At the same time, the bacterial cells are released from the bacterial biofilm. They can be transmitted through the bloodstream leading to infection or recurrence of localized lesions elsewhere in the body.

Cardiac implants, including pacemakers, artificial heart valves, cardioverter-defibrillators, and cardiovascular implantable electronic devices, are associated with higher morbidity and mortality due to infections (Habib et al., 2013). Gastrointestinal devices are associated with a wide range of microorganisms. A study using scanning electron microscopy showed defects in percutaneous endoscopic gastrostomy cannulas (PEGs), which can provide suitable sites for the attachment of bacterial microorganisms and biofilm formation (Dautle et al., 2003). The study found that bacterial biofilms were present on the surfaces of all devices included in the examination and that PEGs are a risk factor for colonization of the gastrointestinal tract by drug-resistant bacterial microorganisms and the formation of bacterial biofilms. Orthopedic implant surgery is often a safe and efficient treatment modality that restores hip and knee function and enhances patient well-being. However, there are still postoperative complications, the most common of which is an artificial joint infection, on top of which the formation of a combined bacterial biofilm may lead to osteomyelitis.

Neurosurgical implants include cerebrospinal fluid shunts, extra-ventricular cerebrospinal fluid drains, and neurostimulators. The main microorganisms in cerebrospinal fluid shunts are S. epidermidis and S. aureus (Fux et al., 2006). The microorganisms capable of forming biofilms on extra-ventricular cerebrospinal fluid drains are mainly S. aureus, followed by Propionibacterium acnes (Strahm et al., 2018). In neurostimulator-associated infections, common pathogenic microorganisms include S. aureus, P. aeruginosa, and P. acnes (Conen et al., 2017). The incidence of infection with these devices is 3-15%, with a higher incidence of infection with extra-ventricular cerebrospinal fluid drains (Caldara et al., 2022). These infections can be fatal to patients and increase morbidity and mortality. Permanent or temporary urinary catheters, nephrostomy tubes, penile implants, and ureteral stents are the most commonly used devices in the genitourinary system. Bacterial biofilms can be found on the surfaces of all these devices. In most clinical situations, infections from implanted stents occur, with fever and urinary tract infections being the most common complications, and even bacteremia and death may occur (Kehinde et al., 2002). Endovascular devices commonly used in clinical practice include intravenous infusions, hemodialysis, haemodilution, and parenteral nutrition. The risk of infection is increased by irregular disinfection, environmental contamination, and incomplete biofilm removal from the surface of implanted devices. To reduce the risk of infection, we should improve disinfection protocols and procedures in the future and detect the propensity for contamination of all types of implanted devices. Breast implants can be used for breast reconstruction and cosmetic surgery, helping improve patients’ quality of life. However, breast implants are susceptible to complications such as infection, hematoma, contracture of the envelope, and scar formation. Contracture can lead to the removal or revision of the implant, causing discomfort and swelling of the breast and affecting its appearance. The researchers detected bacteria in 85% of the breast implants that developed periosteal contracture. They examined them using scanning electron microscopy and found bacterial biofilms in over half of the implants (Pajkos et al., 2003). P. acnes, Streptococcus spp., Lactobacillus spp., Bacillus spp., and Mycobacterium spp. can survive in the environment around breast implants and form a bacterial biofilm.

Bacteria in the mouth are closely linked to diabetes, heart disease, lung inflammation, and systemic diseases. Prevention and treatment Kalamaraof oral diseases can help prevent these diseases. Oral implants can be used to restore the normal function of the mouth. When bacterial microorganisms colonize the surface of these materials, a solid bacterial biofilm usually forms, leading to inflammation around the implant, which may damage healthy gums. The microorganisms can degrade the composite resin, and the bacteria can invade the implant and tooth interface, leading to severe consequences. Clinicians can apply prophylactic antibiotic treatment to avoid this outcome. At the same time, proper treatment planning, proper implant placement, attention to changes in condition, medication history, and monitoring of underlying health conditions (e.g., diabetes, hypertension, obesity, osteoporosis) are essential to prevent implant failure. Bacterial keratitis is a cornea infection characterized by forming a bacterial biofilm on the eye’s surface. If patients do not receive timely and effective treatment, it will likely lead to vision loss or even loss of vision. Bacterial keratitis is associated with various risk factors, such as corneal trauma, contact lens wear, surgical treatment of the eye, and immunocompromised systemic disease (Ng et al., 2015). Corneal trauma is a significant risk factor for bacterial keratitis in developing countries. Contact lenses are the primary source of bacterial keratitis infection in more developed countries. It can alter the corneal epithelium and carry bacterial organisms to the eye’s surface. Bacterial keratitis is associated with the formation of a variety of bacterial biofilms. The lens materials (e.g., water retention, hydrophobicity) and contact lenses’ physical and chemical properties can influence the colonization of bacterial biofilms. We should follow up with a vigorous search for novel materials to prevent implantable device-related biofilm infections. The most common bacterial organisms on the surface of medical devices are described in detail in Supplementary Table 1. In conclusion, medical device implant-related biofilm infections increase morbidity and mortality in patients, especially hospitalized patients, and pose a severe threat to their quality of life. We should pay more attention to the composition of different bacterial microorganisms on the surface of specific medical devices, continue to study biofilms in vivo, and systematically describe the interrelationship between bacteria on device surfaces and the surrounding environment of implants.




2.2 Non-device-related infections

Non-device-related infections also have a significant impact on health problems. Dental plaque (Rabe et al., 2022), urinary tract infections (Singh et al., 2022), cystic fibrosis (Vandeplassche et al., 2020), otitis media (Bair et al., 2020), infective endocarditis (Han and Poma, 2022), tonsillitis (Klagisa et al., 2022), periodontitis (Prado et al., 2022), necrotizing fasciitis (Grier et al., 2021), osteomyelitis (Huang et al., 2022), infective kidney stones (Fayez Hassan et al., 2021), chronic inflammatory diseases (Wu et al., 2015), bacterial vaginitis (Arroyo-Moreno et al., 2022), and bladder infections (Mirzaei et al., 2020) are all examples of non-device-related bacterial biofilm infections.

The human oral environment, with its favorable temperature and humidity and rich in micro-nutrients, can provide adequate conditions for bacterial growth, survival, and the formation and maturation of dental plaque biofilms. The most common microbial cell grouping in the oral cavity is the bacterial cell, followed by various fungi, viruses, and protozoa. Oral microorganisms co-exist with each other, maintain mutually beneficial relationships with their hosts, and generally do not cause disease. If this community changes, the symbiotic and mutually beneficial balance will be disrupted, leading to various conditions, such as dental caries. Bacterial microorganisms in the mouth can enter the circulation, affect the heart’s function, and bind fatty plaque in the coronary arteries. Dental biofilms can cause periodontitis and gingivitis and even lead to tooth decay. Chronic bacterial infections cause almost all periodontal diseases. Periodontal infections increase the incidence of inflammation, promote the formation of plaque, and lead to edema in the coronary arteries. During the maturation of bacterial biofilms, anaerobes are the main colonizing bacteria in the human mouth. Several studies have shown that dental biofilms can cause not only the development of periodontitis but also various systemic diseases such as diabetes mellitus, infective endocarditis, and rheumatoid arthritis (Larsen and Fiehn, 2017; Marsh and Zaura, 2017). The main bacteria that play a role include Porphyromonas gingivalis, Bacteroides forsythus, and Aggregatibacter actinomycetemcomitans.

Lactobacillus strains can be associated with health problems by producing lactic acid to maintain a low pH environment in the vagina, thereby protecting the female genitourinary tract from bacterial microorganisms not of its origin. Lactobacillus spp. can play a role in maintaining the homeostasis of the vaginal environment while preventing bacterial microbes from colonizing and infecting it. Women are more prone to urinary tract infections than men because of the proximity of the female urethra to the anus, vagina, and rectum. Disturbances in the body’s vaginal bacterial microbiota also increase women’s risk of urinary tract infections. Estrogen plays a role in maintaining a low pH environment in the vagina, and post-menopausal women are more likely to develop urinary tract infections than younger women due to a lack of estrogen. The most common pathogenic bacteria for urinary tract infections in adult women is E. coli. Uropathogenic E. coli (UPEC) strains may evade the body’s immune response by stimulating a pro-inflammatory reaction or obscuring the immunogenic bacterial component. Bacterial biofilms may play a key role in maintaining the sustainability of UPEC strains in the bladder and vagina. The second most common pathogen of urinary tract infections is Proteus spp. When they first adhere to surfaces, Proteus mirabilis can proliferate, develop and form biofilms, enhancing the antimicrobial properties of bacterial microbes and protecting the bacteria from the body’s immune function. Bacterial biofilms are an essential factor in the persistence and existence of bacterial infections, and their diversity can influence the viability and survival of bacterial microorganisms (Delcaru et al., 2016). In addition, bacterial biofilms play an important role in renal pathology and can affect renal stones and the dialysis system. Pathogenic bacteria invade renal tissue and can cause chronic pyelonephritis and bacterial prostatitis. Most of the E. coli strains isolated from bacterial prostatitis exhibit the potential to form bacterial biofilms.

Bacterial vaginitis is the most common vaginal infection worldwide and severely impacts the quality of life of women who suffer from it. It is characterized by increased vaginal discharge, usually accompanied by a specific irritating odor. Various bacterial biofilms are present on the surface of the vaginal epithelium. Gardnerella vaginalis is associated with bacterial vaginitis infections and has been shown in several studies to produce bacterial biofilms on vaginal tissue and enhance the expression of various virulence factors (Castro et al., 2015; Gaspar et al., 2021).

Cystic fibrosis responds poorly to medications and is one of the chronic inflammatory diseases. Several studies have shown that most people with cystic fibrosis are susceptible to P. aeruginosa infections (Harrison, 2007; Filkins and O’Toole, 2015). P. aeruginosa infections in combination with cystic fibrosis are challenging to cure, mainly due to the formation of bacterial biofilms in the lungs of patients with cystic fibrosis. P. aeruginosa can colonize, develop and form bacterial biofilms in the lungs of people with cystic fibrosis due to the excessive release of mucus in the airways, providing an environment with low oxygen levels. Chronic P. aeruginosa infection can lead to complications such as epithelial tissue damage, mucus obstruction of the airways, respiratory dysfunction, and even accelerated death.

Infective endocarditis is a refractory disease that severely threatens human life and health. Although medical technology has been refined, the mortality rate of patients with co-infected endocarditis during hospitalization is still higher than 20% (Beynon et al., 2006). The ability to generate bacterial biofilms is critical in the virulence of bacterial microbes associated with infective endocarditis. Studies (Elgharably et al., 2016; Polewczyk et al., 2017) have confirmed that many bacterial microorganisms can form infectious neoplasms on the surface of the heart, which can lead to the development of infectious endocarditis. These neoplasms are essentially large bacterial biofilms. Using immunofluorescence staining techniques and electron microscopy, Bosio et al. (2012) found Mycobacterium fortuitum biofilms on infected artificial biological heart valves. Bacterial microorganisms shed from biofilm structures and enter the blood circulation, and the body will develop bacteremia and sepsis manifestations. Of these, bacteremia is controlled by the collective immune defense system and antimicrobials. Although bacteremia can be effectively prevented or even eliminated with aggressive treatment, the deeper biofilm and neoplasm structures can provide a “hideout” for the ever-present bacterial biofilm cells. When bacterial cells in biofilm structures are repeatedly shed, it is easy to develop septic embolism in the distal limb (Mirzaei et al., 2020).

Otitis media is a complex inflammatory disease, and its complications are a major cause of hearing loss. Approximately 75% of infants under three years suffer from middle ear-associated infections. Bacteria capable of forming biofilm in the middle ear are the leading cause of chronic bacterial infections. Using molecular methods, researchers have demonstrated that the DNA of Haemophilus influenzae, Moraxella catarrhalis, and Streptococcus pneumoniae can be detected in up to 80% of infants with otitis media (Otsuka et al., 2013).

The formation of bacterial biofilms can lead to severe chronic inflammatory and autoimmune diseases in the body. L-type pathogens and chronic biofilm infections can cause the development of inflammatory diseases. The vitamin D receptor is an alkaline substance that regulates the activity of immune cells and is the primary defense against bacterial microbial infections. Specific L-type and biofilm-forming pathogens can produce a substance that adheres to and kills the vitamin D receptor. Thus, as chronic bacterial biofilms and L-type pathogens accumulate in the body, most bacterial microorganisms can produce substances that inactivate the vitamin D receptor and severely compromise the body’s immune defenses. Supplementary Table 2 describes non-device-related biofilm infections.




2.3 Bacterial biofilm cause tissue related and device associated infections

S. aureus and S. epidermidis can form biofilms on the surfaces of central venous catheters, heart valves, suture devices, and prostheses, in turn, can cause nosocomial infections, endocarditis, mucus cysts, and otitis media (Qu et al., 2010; Arciola et al., 2012). P. aeruginosa forms biofilms on the surface of contact lenses, central venous catheter, middle ear, and prosthesis, which can cause nosocomial infection, cystic fibrosis, and otitis media (Wiley et al., 2012; Huse et al., 2013). Bacterial biofilms formed by S. aureus, E. coli and Streptococcus agalactiae can cause mastitis (Loera-Muro et al., 2021). E. coli can form biofilms on medical devices such as catheters (Zhang et al., 2019), ultrasonic instruments (Khatoon et al., 2018), and contact lenses (El-Ganiny et al., 2017). The relationship between bacterial microbes adhering to surfaces to form bacterial biofilms and thus causing disease is detailed in Supplementary Table 3. The formation of bacterial biofilms will increase mortality in hospitalized patients (Batoni et al., 2016; Evans and Bolz, 2019). Multiple biofilm infections may exhibit different antibiotic sensitivities. Although the specific details of bacterial interactions in numerous microorganisms are not yet precise, there are metabolic links and spatial organization among bacteria, which may result in quorum sensing and resistance gene transfer to produce more antibiotic-resistant biofilms (Røder et al., 2020; Sadiq et al., 2021).

The three-dimensional structure of bacterial biofilm can act as a natural barrier to antibiotics and reduce the sensitivity of biofilm to antibiotics. Bacterial biofilm resistance to antibiotics is known to be 10–1000 times higher than planktonic bacteria (Ning et al., 2014), which may be related to the different antibacterial mechanisms between them. Biofilm communities produce antibacterial target mutations, efflux pumps, higher transverse transfer frequency, reduced cell permeability, and drug-neutralizing proteins (Kumar et al., 2013; Lata et al., 2015; Sharma et al., 2015; Sharma et al., 2016). In addition, there is a particular type of bacterial cell phenotype in biofilms – persistent cells, which can survive under the action of a powerful immune defense system and powerful antibiotics. These cells have metabolic inertia, slow growth and replication, and can regulate virus-antitoxic systems and enhance antioxidant and DNA repair systems. They show an inability to respond to antibiotics (Rather et al., 2021). Anoxia, nutrient deficiencies, antibiotic modification enzymes, and oxidative stress can also lead to antibiotic resistance in bacterial biofilms (Hall and Mah, 2017). Due to the phenotypic diversity of bacterial biofilms, the content of antimicrobials entering the biofilms will be reduced, and the microenvironment within the biofilms will be changed, causing the biofilms’ resistance mechanism to antibiotics (Sharma et al., 2019), making it difficult to eradicate. In addition, genetic mutations can also lead to antimicrobial resistance in bacterial biofilms. As a result, the effect of antibiotics commonly used in clinical practice on bacterial biofilms is insignificant.

In recent years, due to the increasing incidence of iatrogenic bacterial biofilm-associated infections, long-term infections are difficult to cure, which will pose a new challenge to preventing and controlling infectious diseases caused by biofilms. In addition, bacterial biofilms can avoid the scavenging action of conventional antibiotics and the killing effect of the body’s immune system and become a possible source of infection. Currently, methods for detecting, inhibiting and treating biofilm-associated infections are inadequate, and managing bacterial biofilm-associated infections remains a significant challenge. In addition, due to the specific environment within the biofilm, we cannot treat biofilm-associated infections with traditional antibiotics, and researchers must propose new antimicrobial or anti-biofilm-associated treatment strategies.





3 Methods for detecting bacterial biofilms



3.1 Nuclear medical imaging technology

Nuclear medicine imaging remains the standard method for detecting infectious diseases (Salmanoglu et al., 2018). As radionuclides, technetium-99m, indium-111, and iodine-125 have been shown to be useful for radio-labelling compounds. Still, some drawbacks exist, such as low expression of target receptors on the bacteria studied, non-specific adsorption, and complex radiochemical synthesis (Eggleston and Panizzi, 2014). A recent study found that as a metabolic product of bacteria, the maltodextrin transport system can also radially label compounds and trace them to detect bacterial biofilm infection (Auletta et al., 2019). Nuclear medicine imaging technology also has certain disadvantages, such as the need for specialized equipment and instruments, operator training, and patient exposure to radiation (Cruz et al., 2021).To further improve the sensitivity of nuclear medicine imaging, relevant researchers have developed an MH18F nuclear imaging agent, which can participate in the metabolism of bacterial carbohydrates and be internalized by maltodextrin transporter specific to bacteria (Auletta et al., 2019), contributing to the early detection of bacterial biofilms.




3.2 Ultrasonic technology

Ultrasonic technology can monitor dirt on instrument surfaces in real-time and has been shown to monitor the formation and growth of some bacterial microbial colonies (Kujundzic et al., 2007). Combined with other methods, it can enhance the detection strategy of bacterial biofilms (Vaidya et al., 2014). Ultrasound echo enhancers and microbubble contrast agents have opened up new avenues in diagnostic ultrasound medicine (Calliada et al., 1998). Ultrasonic medical imaging technology has matured with the application of contrast media, which contributes to the accuracy of medical diagnosis. The application of targeted ultrasonic contrast media is conducive to determining the difference between healthy and infected tissues (Unnikrishnan and Klibanov, 2012). The acoustic impedance of bacterial biofilms is similar to that of human tissue, making detection and in vivo targeting of bacterial biofilm substrates difficult. The combination of ultrasound and targeted ultrasound contrast agents can aid in the early detection and identification of bacterial biofilms and can help to improve therapeutic efficacy. Ligand-targeted ultrasound contrast agents can be a non-invasive imaging method for detecting early and late-stage bacterial biofilms. These agents can target, image, and detect the formation of the S. aureus biofilm matrix in vitro (Anastasiadis et al., 2014).




3.3 Crystal violet staining method

Crystal violet (CV) is the most commonly used staining method for the quantitative determination of microtiters of biofilms grown in vitro in polystyrene pore plates (Hassan et al., 2011). After CV staining, the structure of the biofilm can be observed directly by scanning electron microscopy. However, this staining method also has certain limitations, as it can reduce the number of bacterial biofilms after multiple washing (Hou et al., 2022), and the incubation time is longer. It is unsuitable for the rapid detection of biofilms. Castro et al. (2022) found that CV staining was highly effective for single-species biofilm detection. Still, in bacterial vaginosis, there might be bias in evaluating the formation of multiple bacterial biofilms.




3.4 Other detection methods

Bioluminescence analysis, tissue culture plate method, and percentage transfer method are also used to detect bacterial biofilms. Certain imaging techniques, such as infrared spectroscopy, reflection spectroscopy, optical fluorescence imaging, confocal laser scanning microscopy, target fluorescence imaging, and fluorescence in situ hybridization of peptide nucleic acid, can also be used to detect the formation of biofilms and provide spatial information on the distribution of strains and biofilms (Roy et al., 2018; Cruz et al., 2021). However, these imaging techniques depend on clear samples and are unsuitable for in situ bacterial biofilm detection. Raman and surface-enhanced spectroscopy offer high sensitivity and are non-invasive molecular detection techniques (Xu Y. et al., 2020). Laser capture micro-cutting technology has a high resolution, which can help researchers quickly separate or sample the required cells from solid tissue by laser beam, which is helpful for the detection of living biofilms. Ultra-wide-spectrum imaging is a labeling-free detection method showing bacterial biofilms in natural and wound environments.

One of the components of bacterial biofilm is protein, which is related to the types of pathogens and the stages of biofilm development and virulence. Several different proteins are listed below for their role in forming and maintaining biofilm structures. S. epidermidis expresses a variety of cell wall-anchored surface proteins that promote the formation of biofilms on the surface of medical devices, aid in binding to the EPS, and are a significant determinant of the virulence of S. epidermidis. For example, SdrG/Fbe protein can promote adhesion to the surface of conditioned biomaterials. SdrF protein enhances the adhesion between bacteria and fixed collagen. Embp protein can promote bacterial adherence to fixed fibronectin. Sesl protein may promote adhesion between bacteria and non-living surfaces. Sbp protein can promote the formation of amyloid protein and maintain biofilm integrity (Foster, 2020). McCourt et al. (2014) found that surface-bound fibronectin FnBPA and FnBPB could mediate the formation of methicillin-resistant S. aureus (MRSA) biofilm, increase bacterial aggregation, promote initial microbial adhesion on the surface, and facilitate biofilm accumulation. Manfiolli et al. (2018) showed that MAP kinases (MpkA, MpkC, and SakA) and phosphatases could regulate the Aspergillus fumigatus cell wall composition and affect cell adhesion and EPS production, as well as have essential effects on signaling pathways during biofilm formation. Liang et al. (2011) identified a novel cell surface protein, BapA1, from Streptococcus parasanguinis FW213 and found that it can affect biofilm formation. The BapA1 protein contains multiple putative fimbriae isopeptide junction structural domains that promote the aggregation of bacterial fimbriae in Gram-positive bacteria and is a novel streptococcal adhesin. When the BapA1 protein is deficient, it can inhibit the auto-aggregation of bacterial cells. Ye et al. (2018) found that outer membrane protein W (OmpW) contributed to the survival of Cronobacter sakazakii cells in a planktonic mode under the stress of NaCl and that the ability of cells to survive and form biofilms increased with increasing OmpW concentration.

Quantitative proteomics technology based on iTRAQ is helpful for the detection of bacterial biofilms and the search for promising targets for biofilm elimination (Sauer, 2003). The meta-proteomic analysis is an important technique for showing the interactions and functional roles of individual members of bacterial microbial communities. The areas of proteomics include protein function, expression level, post-translational modification, localization, stability, and adequate genome sequencing. Proteomic patterns are responses to the physiological state of cells and can elucidate bacterial biofilm phenotypes (Khemiri et al., 2016). Through the proteomic analysis of Burkholderia pseudomallei in the floating state and biofilm state, Khan et al. (2019) found that the change of proteome contributed to the survival of the biofilm by increasing the abundance of pressure proteins and reducing the presence of metabolic proteins. Ali Mohammed et al. (2021) used proteomic analysis to determine the proteome of Fusobacterium nucleatum and P. gingivalis expressed in the planktonic or biofilm state. The results showed that P. gingivalis produces fewer proteins due to the presence of F. nucleatum in the mouth. Resolution and dynamic range limit the initial development of proteomics techniques based on electrophoresis. The addition of transcriptomic analysis has led to the rapid development of proteomics because of its ability to detect solid structures capable of detecting functional cells. Charlebois et al. (2016) confirmed that by RNA transcriptional sequencing technology, 25.7% of genes were different between Clostridium perfringens biofilms and planktonic cells. About 12.9% of genes in biofilm cells were down-regulated, and about 12.8% were up-regulated. After leptospira forms a mature biofilm, some fundamental biological processes, such as DNA replication and cell division, are down-regulated. Transcriptome-based sequencing techniques can focus on transcriptional changes associated with leptospirosis biofilm formation and maturation (Iraola et al., 2016). Fusobacterium nucleatum stain ATCC 25586 at the planktonic cell and biofilm stages by RNA sequencing. It was confirmed that 110 genes of the F. nucleatum biofilm state differed from those of planktonic cells. The 85 down-regulated genes in the biofilm state are mainly related to cell proliferation, division, and oxidative stress. The 25 up-regulated genes are primarily associated with amino acid and carbohydrate metabolism (Zhao et al., 2022).

Metabolites are generated in the presence of metabolic enzymes and are the end products of gene expression processes. Many of the life activities in microbial cells (e.g., energy release, cellular signal release, and intercellular communication) are regulated by metabolites. Metabolites can reflect the microenvironment in which a bacterial cell is located and are also closely related to the nutritional status of the cell, the effects of drugs, contaminants, and other external factors. Several metabolites are listed below for their functions in biofilms formed by bacterial pathogens. Glucose, as the primary carbon source and metabolite, can upregulate the expression of extracellular polysaccharide-related gene pslA, which is conducive to promoting the formation of P. aeruginosa biofilms and changing metabolic pathways. Glucose could lead to decreased expression of 18 metabolites (including inositol, glutamine, 4-acetyl butyrate, myristic acid, and β-alanine) and increased expression of 7 metabolites (including fructose, 3-hydroxy propionic acid, and glucose-6-phosphate) in P. aeruginosa biofilms (She et al., 2019). Guanosine 59-diphosphate 39-diphosphate is also a metabolite that regulates the expression of a large number of genes and plays a vital role in the formation of biofilms of E. coli, E. faecalis, and S. mutans (de la Fuente-Núñez et al., 2014). Short-chain fatty acids, including butyrate, are also strongly associated with the pathogenesis of the periodontal disease. In the initial stage of biofilm formation, butyrate can promote early Actinomyces oris-dependent colonization and stimulate biofilm formation (Barbour et al., 2022). Bacillus subtilis can produce a variety of specific metabolites. Most of these metabolites (e.g., bacteriolysin, subtilisin A, surfactin, spore-killing factors) are associated with antimicrobial properties (Kalamara and Stanley-Wall, 2021). Schoenborn et al. (2021) investigated the role of nine specific metabolites in biofilm formation. They found that most of them (surfactin A, ComX, subtilin A, spore delaying protein, spore killing factor) could promote biofilm formation.

Metabolomics analysis techniques can reveal the processes of bacterial cell metabolism and are the study of metabolites (e.g., carbohydrates, amino acids, and lipids), intermediate metabolites, and other signaling molecules. The technique emphasizes discrete altered metabolic pathways and highlights biological small molecule metabolites. The Metabolite group is a complete assemblage of all metabolites in the tissues, organs, and compartments of biological cells that are extracted from cells or expressed as bodily fluids (Zhang and Powers, 2012). Metabolomics techniques focus on the broad or total analysis of cellular metabolites through high-throughput detection methods rather than localized and targeted analysis of specific numbers of individual metabolites (Fiehn, 2002). Many metabolic pathways between planktonic bacterial cells and biofilms were changed. Through instrumental analysis, bioinformatics, stoichiometry, and cell biology, metabolomics analysis can show the status of the overall metabolites, simplify the process of metabolite detection, and cover almost all metabolic changes of major pathways. Metabolomics analysis provides a systematic method for characterizing complex bacterial communities, showing the behavior of bacterial cells in biofilms, and contributing to the understanding of biofilms. In addition, biofilms’ strain type and antimicrobial resistance are phenotypic by their differences from the metabolome. Shen et al. (2020) showed that carnosol could inhibit the formation of S. aureus biofilm by metabonomics analysis technique.

The fiber optic biosensor is capable of monitoring the growth quality of bacterial biofilms, quantifying analytes, and displaying biofilm properties. It works by monitoring the environment around the sensing element through changes in the refractive index. The sensor offers the following advantages: lightweight construction, compact size, biocompatibility, low fabrication costs, and real-time monitoring. The spherical resonance sensor is highly sensitive and can detect changes in the surface of bacterial cells, such as planktonic cells attached to the surface of an object, and has great potential for early detection of the presence of bacterial biofilms (Rakhimbekova et al., 2022). SiNW-FET, as a new nanosensor, can be combined with microfluidic technology to realize real-time, rapid, and fully automated detection of bacterial biofilms. It can reveal the biological and metabolic processes occurring in bacterial biofilms and has the advantages of high sensitivity, low consumption, non-invasive and traceless (Yeor-Davidi et al., 2020). Dai et al. (2022) reported a PH-responsive branched polymer [poly(MBA-AEPZ)-AEPZ-NA] capable of reducing the dose of antibiotics and overcoming antimicrobial resistance. It can emit intense green light rays in the local bacterial biofilm microenvironment (pH 5.5) to detect biofilm formation in real time. AmyGreen, a water-soluble amino ketone fuel, is a stain that enables the visualization of the amyloid component of the extracellular polymeric substances of bacterial biofilms. It can detect pathological amyloid proteins in vitro as a potent fluorescent dye. The application of the AmyGreen stain effectively reduced the risk of false positives when measuring the amyloidogenic fibrils of biofilms. In combination with other stains can be used for confocal fluorescence microscopy (Moshynets et al., 2020). Pandit et al. (2021) have developed a simple sensor of raw, non-functional graphene that is simple to manufacture and can be powerful without the need for precise species identification. It can distinguish and detect different bacterial types according to different growth dynamics, adhesion density, adhesion pattern, and colony formation between bacterial cells, which is helpful for the early detection of bacterial microbial colonization and biofilm formation. A new diagnostic kit is the product of a combination of two reagents, one that relies on a substance that promotes hydrogen peroxide to produce oxygen through catalase and the other a mobile biosensor. The kit can detect P. aeruginosa infection in sputum with high sensitivity and specificity within 8 minutes (Clemente et al., 2020). Bacterial biofilms attached to the mucous membranes of the mouth are difficult to visualize with the naked eye. Quantitative light-induced fluorescence (QLF) can detect bacterial infections in the oral cavity and the formation of dental biofilms. Park et al. (2022) demonstrated using QLF to detect and remove pathological biofilms from oral mucosa in elderly patients during hospitalization. The test tube method and Congo red agar technique can help detect biofilm formation by obtaining isolates of bacterial biofilm formation from contact lenses, the conjunctiva of contact lens wearers, and decorative contact lens cases (Raksha et al., 2020). Kouijzer et al. (2021) demonstrated that microvesicles in vancomycin-modified bacteria could detect the formation of S. aureus biofilms and could potentially treat S. aureus biofilm-associated infections.

Artificial intelligence technologies have also been found to be beneficial for detecting bacterial biofilms due to their powerful computational and learning capabilities. For example, biosensors based on electrochemical impedance spectroscopy can be used to detect E. coli biofilms (Xu et al., 2022). Convolutional neural network (CNN) can be used to detect the presence of biofilms and the formation of multiple biofilms through deep learning, with a CNN accuracy of up to 90%. Oh et al. (2022) have developed a material capable of precisely guiding the diagnosis and removal of bacterial biofilms. The material is a magnetic field-directed assembly of nanomaterials into surface topography adaptive robotic superstructures (STARS). It can adapt to complex bacterial surface topography and use automatic motion patterns to target the complex three-dimensional structure of human teeth to detect dental biofilm content with high accuracy while the effect of removing formed biofilm.

Currently, non-invasive techniques used in clinical practice have yet to provide the best method for detecting biofilms. Low practicability, low resolution and low cost-effectiveness limit the development of biofilm detection tools. Therefore, there is an urgent need to develop more accurate and practical detection techniques and diagnostic tools.





4 Strategies against bacterial biofilm removal

Bacterial biofilm inhibition is mainly achieved by physical, chemical or biological methods. Supplementary Figure 1 shows the different therapeutic strategies that inhibit bacterial biofilm formation. Physical methods include ionizing and ultraviolet radiation, damaging instruments and affecting material quality (Galié et al., 2018). Ultrasonic treatment is also one of the physical methods. Its mechanism of action is mainly through chemical and mechanical energy, including pressure, vibration, shear stress, shock waves and agitation. Stable pressure and cavitation can produce multidirectional acoustic microjets, which can damage proximal bacterial microorganisms and their biofilms. Relevant studies have confirmed the effect of plasma technology on therapeutic biofilms (Govaert et al., 2019; Patange et al., 2019). The influence of plasma on bacterial biofilms is mediated by biological activators, such as charged particles, ions, electrons, electric fields, and ultraviolet rays (Lu et al., 2016). Cold plasma can kill bacterial microorganisms and destroy the biofilm matrix. Still, the specific mechanism remains unclear, which may be related to ROS/RNS penetrating bacterial cells, oxidizing and nitrosating lipids and proteins, and then lipid peroxidation, inhibiting enzyme function, and changing DNA structure (Van Impe et al., 2018). Patange et al. (2021) found that atmospheric plasma and acoustic ultrasonic treatment technology can destroy the integrity of bacterial biofilm structure and effectively inactivate E.coli and Listeria innocua biofilm. They also found that atmospheric plasma was more effective than aeroacoustic ultrasound in treating both early and mature biofilms. When applied in combination, the two technologies have the potential to enhance the inactivation effect. The main mechanisms of atmospheric plasma damage to bacterial biofilms include cell membrane damage, structural changes, and biological and genetic changes. Future studies are needed to understand further the distribution of active particles in atmospheric plasma and acoustic ultrasonic techniques and the detailed mechanism of inactivating bacterial biofilms.

Microneedles (MNs) are an effective and minimally invasive method for the treatment of bacterial biofilms. MNs can not only destroy the tight physical barrier of EPS and directly penetrate the antibacterial agent into the biofilm, but also provide a large specific surface area to promote the diffusion of antibiotics in the biofilm. Yi et al. (2021) combined chitosan and zinc nitrate with MNs structure to produce CS-Zn[II] MNs. This substance has good cytocompatibility, rich acicular design and a large specific surface area, and is conducive to eradicating S. aureus and E.coli biofilms.

Chemical methods are unstable, cannot play a role in mild conditions, and the price of chemistry is relatively high, prone to producing toxic byproducts. Therefore, it is not usually the preferred method for eradicating bacterial biofilms.

Biological methods have higher inhibition efficiency, which is a relatively new method against biofilm, including the application of bacteriophage, bacteriocin and enzyme treatment of bacterial biofilm. In recent years, emerging anti-biofilm preparations have been developed to limit the adhesion of bacteria on the surface to eliminate the biofilm grown or replace cells from the established biofilm (Batoni et al., 2016). The EPS matrix in biofilms plays a crucial role in evaluating the drug resistance mechanism of biofilms. The ideal anti-biofilm preparation is characterized by its unique structure, antibacterial activity, restriction of EPS accumulation, facilitation of EPS penetration into cells, interference with communication mechanisms between cells, and synergistic action with other antibacterial agents (Wiens et al., 2014).



4.1 Antimicrobial peptide

Novel antimicrobial peptides (AMPs), as a kind of cation, can down-regulate biofilm formation genes, prevent bacteria from adhering to the cell-matrix surface, down-regulate QS system signals, and produce a wide range of antibacterial activities against bacterial microorganisms (Yazici et al., 2018). When used alone or in combination with antibiotics, AMPs can effectively inhibit the formation of biofilms or even destroy mature biofilms (Mulani et al., 2019) and can be used to treat biofilm-associated infections. AMPs bind rapidly to cell membranes, reducing bacterial load while circumventing the development of resistance, and it has strong antibacterial, fungal, and viral properties (Pontes et al., 2022). One of the mechanisms of action of AMPs against bacterial biofilms is the down-regulation of gene expression and inhibition of the biological behavior of bacterial cells (e.g., synthesis of DNA, RNA, proteins, and cell walls) (Graf and Wilson, 2019). At the same time, AMPs can interact with signaling molecules, which can control the maturation process of bacterial biofilm and cooperate with antibiotics to resist bacterial microorganisms.

Heinonen et al. (2021) proposed that AMP TAT-RasGAP 317-326 could effectively inhibit the formation and development of biofilms of P. aeruginosa and A. baumannii, and had little anti-biofilm activity against S. aureus. In the human oral environment, AMPs are widely present in the oral mucosa and salivary glands of the epidermal cells and neutrophils (Dale and Fredericks, 2005). AMPs are small in shape and have a positively charged amphiphilic structure, which can enter bacterial microbial cells through transmembrane pores and cause their cracking. AMPs are a potentially effective treatment for bacterial biofilm-associated oral infections due to their extensive antibacterial activity, low drug resistance, and ubiquity in the oral cavity. LL-37 is one of the most widely studied AMPs, which can modulate the immune response, regulate the inflammatory response, accelerate angiogenesis, promote wound healing, and help in oral defense against bacterial biofilms (Wuersching et al., 2021b). Levels of LL-37 are associated with various chronic inflammatory diseases, such as periodontal disease, gingivitis, systemic lupus erythematosus, and psoriasis (Pahar et al., 2020). Lactoferrin peptides are functional AMPs hydrolyzed by pepsin and are an effective anti-biofilm preparation. Wuersching et al. (2021a) demonstrated that LL-37 and human lactoferrin could interfere with the planktonic growth of anaerobic bacteria and the formation of bacterial biofilms, thus reducing the incidence of dental caries and periodontitis. Lactoferrin chimeras have a wide range of antibacterial activities. Ruangcharoen et al. (2017) proved that, compared with minocycline hydrochloride and chlorhexidine digluconate, lactoferrin chimeric could better inhibit the formation of oral multispecies biofilms in vitro, and it could reduce the activity of various bacterial cells in the biofilms. Antimicrobials depend on active cells, whereas AMPs are less specific for targeting molecules and can even target metabolically dormant cells in most regions of the mature bacterial biofilm.

At present, treating cystic fibrosis combined with P. aeruginosa infection remains difficult. Metal AMP piscidin 1 and piscidin 3 showed activity against P. aeruginosa biofilm infection, mainly due to their ability to tolerate an acidic environment and high ionic strength and to cut eDNA in the presence of Cu2+. Metal AMP Gaduscidin-1 (Gad-1) is a broad-spectrum AMP that binds Cu2+ efficiently in acidic and neutral environments. Holo-Gad-1 can eradicate mature bacterial biofilms and prevent the formation of new biofilms, mainly because eDNA is required for adhesion during the formation of nascent biofilms (Whitchurch et al., 2002). Portelinha and Angeles-Boza (2021) demonstrated that Gad-1 has multiple forms of action and can effectively remove P. aeruginosa biofilms in acidic, neutral, and high-salinity environments. When GaD-1 is combined with several commonly used antibiotics (e.g., Kanamycin and ciprofloxacin) to treat bacterial and microbial infections, it can play a synergistic role and improve the survival outcome of patients. This paper lists the acting bacteria and mechanisms of several peptides with antibiofilm activity in Supplementary Table 4.

Most AMPs can be combined with antibiotics to enhance the role of antimicrobials in preventing bacterial biofilm formation and killing mature biofilms. Antimicrobial peptides are expected to improve the antibiofilm effect and reduce the dosage of antibacterial agents. However, there are limitations to the application of AMPs. Because AMPs are trapped by anionic biofilms, are easily broken down by enzymes in the biofilms, and may even cause acute hemolytic and toxic reactions.




4.2 Nanoparticles

Nanomaterials can reduce the adhesion of bacterial biofilms, promote the delivery of antimicrobial agents, improve the permeability of antibiotics, maintain the stability of antibiotics, and directly produce resistance to biofilms through specific mechanisms without antibiotic treatment. Due to their unique physical and chemical properties, namely biological response, surface charge and small-scale effect, nanomaterials can acquire a variety of antibacterial modes and perform multi-potency interactions with bacterial cells. Nanomaterials are effective carriers of antibacterial agents and inhibit the growth of biofilms through thermal damage, oxidative stress, and physical damage, which is conducive to the treatment of bacterial biofilm infection (Makabenta et al., 2021), and are not prone to drug resistance (Pelgrift and Friedman, 2013). Because of their special structure, nanomaterials can increase antibacterial activity in the following four ways. The surface charge of nanomaterials can enhance the interaction with bacterial microbial cells and lipid molecules, thus extending the exposure time of bacterial cells to antibiotics. Some nanomaterials reduce the generation of bacterial drug resistance through the self-cracking mechanism. Nanomaterials can enhance antimicrobials’ solubility, prolong antimicrobials’ life cycle, maintain the effective release of antimicrobials at the target site, and deliver multiple antimicrobials to the same target site to achieve combined therapy (e.g., photothermal and photodynamic therapy). Some nanovesicles inhibit the pre-degradation or release of drugs and deliver antimicrobials to designated targets via membrane fusion mode (He et al., 2022). Supplementary Figure 2 shows the mechanism of action of nanomaterials for inhibiting bacterial biofilm formation.

It is known that most organic nanoparticles can improve the dispersion performance of bacterial biofilms and have good biocompatibility, which is an important research direction in the field of antibacterial biofilms. Nanomaterials provide a new idea for the treatment of bacterial biofilms in the future, which can effectively improve the therapeutic efficiency of antibiotics and reduce the drug resistance caused by biofilms. The therapeutic effect of nanomaterials in the treatment of bacterial biofilms is mainly affected by their unique physical and chemical properties and the characteristics of biofilms. The combined application of organic nanomaterials with different functions can improve the efficacy of anti-biofilm. New composites composed of organic nanomaterials and other materials with antibacterial biofilm activity can significantly enhance the ability to resist biofilms and are currently the most widely used antibacterial substances.

Nanoparticle-based therapeutic regimens are expected to be effective for removing bacterial biofilms because of their advantages: functional versatility, selectivity, traceability, high loading efficacy, and controlled drug release (Datta et al., 2018; Khan et al., 2018). Unlike conventional antimicrobials, the activated nanoparticles can be designed to work in the presence of only a trigger, which reduces the side effects of being off-target (Schwartz-Duval et al., 2020). Therefore, the active development of nanomaterials for treating bacterial biofilm-associated infections has important research implications (Gao et al., 2020M; Yu et al., 2020). Ostadhossein et al. (2021) proposed a “particle-in-particle” treatment scheme for the first time. In the absence of antibiotics, they can deliver small therapeutic nanoparticles through simple chemical methods, which can target the characteristic pH of EPS, promote the killing of bacteria mediated by bacterial biofilm pH, and then use nanoparticles to kill caries pathogen S. Under the low pH value, the metabolic state of dental biofilm can produce pathogenicity. Targeting this factor can stabilize the original ecological balance and inhibit harmful pathogenic microorganisms. Particle-in-particle therapeutic approaches have been shown to provide excellent drug delivery, especially during oncology treatment (Xu F. et al., 2020; Zhang et al., 2020). Carbon dots (CDots), a new class of carbon-based nanoparticles, have the advantages of a simple fabrication process, adjustable luminescence function, and wealthy off-energy groups (Nguyen et al., 2020), which can provide unique conditions for antibacterial biofilms. One study confirmed that CDots could reduce the amount of caries pathogen S while killing bacterial biofilm EPS. In vivo, nanoparticles can effectively kill S. mutans and balance the oral environment (Ostadhossein et al., 2021).

Nanomaterials are effective in preventing the formation of bacterial biofilms on the surface of implantable medical devices. Metal nanoparticles are the key types of nanoparticles that have intrinsic anti-biofilm activity. Some metallic nanomaterials interact with the EPS of bacterial biofilms through surface charge interactions, and they can release soluble ions targeting bacterial microorganisms or EPS (Hiebner et al., 2020). Silver is one of the metal nanoparticles with high sterilization capacity. Silver nanoparticles (Ag-NPs) effectively prevented biofilm formation of S. aureus and oral mixed flora (Streptococcus oralis, P. gingivalis, and Actinomyces naeslundii) biofilm formation. Ag-NPs with maximum antibacterial activity after three repeated irradiations (Pérez-Tanoira et al., 2022). Habimana et al. (2018) developed a substance (GNP+PK) that treated gold nanoparticles (GNP) with the enzyme protease K (PK). They treated the bacterial biofilm on the surface of medical devices for 24 hours with enzyme protease K, gold particle, and GNP+PK, respectively. The total biomass of Pseudomonas fluorescens biofilm decreased by 40%, 77%, and 74%, while the thickness was reduced by 52%, 72%, and 78%, respectively. This study confirmed that GNP+PK particles could kill cells in P. fluorescens biofilm, mechanically separate cells in suspension, and damage the structure of bacterial biofilm, showing better anti-biofilm efficacy than PK or GNP. Slomberg et al. (2013) combined NO and silica nanoparticles to examine the effects of these materials on S. aureus and P. aeruginosa biofilms. In this process, the bacterial biofilm was first placed in a biological reaction incubator for 48 hours and then treated the biofilm with nanoparticles for 24 hours. They found that the morphology and volume of nanoparticles both affected the effectiveness of bacterial biofilm elimination. Chitosan (CS) carries a positive charge on its surface and can adsorb to the surface of bacterial microorganisms. It binds to the surface of bacterial cells carrying a negative charge using electrostatic interaction, and the permeability of bacterial cell membrane changes, leading to apoptosis (Rashki et al., 2021). At the same time, chitosan can penetrate the bacterial cell membrane and interact with nucleic acids to interfere with the DNA/RNA synthesis process, triggering intracellular reactions that lead to cell death. Pan et al. (2022) combined CS with artificial nano enzymes. They found that the conjugate is an efficient, economical, and environmentally friendly antibiofilm preparation, which may eventually become an effective alternative to eradicate bacterial biofilms.

Nanosponges can prevent the formation of biofilms or eliminate biofilms those already formed and exhibit broad-spectrum antimicrobial membrane activity against pathogenic single and double-species biofilms, with no toxicity to mammals. Nabawy et al. (2021) reported the ability of biodegradable polymer-stabilized oil-in-water nanosponges to inhibit methicillin-resistant S. aureus and P. aeruginosa biofilms. Raj et al. (2022) synthesized chitosan-gum arabic-coated liposomes-alizarin nanocarriers. They found that this material can eliminate the biofilm formed by S. aureus and Candia albicans, which helps improve drug penetration and release in biofilm cells. However, low stability and water solubility limit the broad application of nanomaterials. At present, a new method has been proposed for the treatment of biofilm-associated infections, namely “nanoscale bacterial debridement”, which can separate bacteria from biofilm in a specific way, effectively kill bacteria, and reduce the biomass of biofilm (Li et al., 2021). However, as a new type of nanomaterial, “nanoscale bacterial debridement” has received little relevant research. Biofilm removal by separating bacteria and biofilm has broad research prospects and needs further investigation. Most nanomaterials have been shown to be effective solutions for preventing bacterial biofilm formation (Baelo et al., 2015; Cheeseman et al., 2020). Since biofilms exhibit a high antibacterial bacterial microbial community embedded in EPS, not all nanoparticles will be able to destroy bacterial biofilms. Although organic nanomaterials play an excellent role in inhibiting the formation of bacterial biofilms, they are less effective against stationary and persistent bacteria (Li et al., 2021). The cytotoxicity and abnormal distribution of complex tissues are common problems in nanomaterials application. Therefore, more in-depth research is needed to focus on the overlooked aspects of bacterial biofilm processing.




4.3 Catabolite control protein A inhibitor

Catabolite control protein A (CcpA) is the primary regulator of the trans-activation of carbon catabolite repression. It can induce and stimulate the upregulation of cidA and icaA gene expression. The cidA and icaA genes can play a role in synthesizing polysaccharide intercellular adhesins. They can be involved in encoding cave proteins that are involved in lysing bacterial cells and releasing eDNA (Sadykov et al., 2019). At the same time, CcpA can inhibit small noncoding RNA RsaI transcription and then affect bacterial biofilm formation (Bronesky et al., 2019; Bulock et al., 2022). CcpA of S. aureus (SaCcpA) can also affect bacterial biofilm formation, antimicrobial resistance development, and virulence factor expression. Catabolite control protein A inhibitor can inhibit the DNA-binding ability of SaCcpA, which is expected to eliminate the virulence factor of S. aureus strains. Silver, as an inhibitor, can target SaCcpA, eliminate alpha-hemolysin expression in bacterial cells, and reduce bacterial virulence (Liao et al., 2017). However, silver ions are toxic, and silver-containing preparations (e.g., silver sulfadiazine) are generally used only as topical treatments. Huang et al. (2020) identified a specific small molecule inhibitor that disrupts the SaCcpA-DNA complex product and reduces the expression of α-hemolysin encoded by the hla gene. The Sak gene is a staphylokinase that can convert plasminogen into plasmin (Tam and Torres, 2019). It can inhibit the formation and development of biofilms and separate mature biofilms by activating plasminogen and splitting fibrin from the host. After treatment with the Sak gene, C. albicans and S. aureus biofilms integrity and biomass decreased (Liu et al., 2019). Zheng et al. (2022) proposed that CcpA can bind to the promoter region of the Sak gene and inhibit Sak gene expression, thus regulating the formation and development of bacterial biofilms. This method has low cost and minor side effects and is expected to be a drug for treating S. aureus-related biofilm infections.




4.4 Bacteriophage

Bacteriophage is a virus that can infect and kill bacteria. Compared to common antibiotics, bacteriophage has the advantages of functional specificity, more robust tolerance, higher safety, narrower scope of action, and cost-effectiveness (Principi et al., 2019), and it cannot infect human or animal cells. Bacteriophages can penetrate the structure of bacterial biofilm and eradicate or prevent bacterial biofilm (Łusiak-Szelachowska et al., 2020), which is expected to be an alternative therapy for antibiotics. Supplementary Figure 3 shows the multiple mechanisms by which bacteriophages counteract bacterial biofilm formation. Haemolysinase is a phage-derived enzyme that can hydrolyze the peptidoglycan of the cell wall, which in turn can disrupt the structure of bacterial biofilms (Gray et al., 2018; Sharma et al., 2018). Bacteriophage infection of host cells mainly involves the following steps: (i) adhesion to the bacterial cell surface using phage receptor binding proteins; (ii) the phage genome enters the cytoplasm; (iii) phage for protein assembly; (iv) release of progeny phage (Tian et al., 2021).

Novel phage Φ 15 produces a polysaccharide depolymerase that hydrolyzes the EPS of a single species of single-species Pseudomonas putida and inhibits biofilm formation (Cornelissen et al., 2011). Rai et al. (2020) used CV staining to determine the biofilm content. They found that phage PD1 and PE2 could effectively prevent the formation of S. aureus biofilms, while PD1, PE1, and P3 could disperse mature biofilms. Phage Φ29 and phage T4 could inhibit the formation of S. aureus biofilms (Sybesma et al., 2016). Phages from the order Caudovirales, Myoviridae family, could reduce the proliferation of P. aeruginosa in the floating state. At the same time, this phage could also reduce the metabolic activity of endotracheal cannula-associated biofilm and destroy the already-formed P. aeruginosa biofilms (Oliveira et al., 2020). The phage mixture (LPSTLL, LPST94, LPST153) has a wide host range and lytic activity, which can play a role in reducing the biofilm of Salmonella spp. (Islam et al., 2019).

Combining bacteriophage and antibiotics can improve the therapeutic effect of bacterial biofilms and achieve reduced phage resistance without increasing the toxicity of antimicrobials. For example, the combination of bacteriophage T4 and tobramycin can significantly reduce E. coli tolerance to tobramycin (Hemmati et al., 2021). Combining specific phage and amoxicillin can improve the synergistic effect on K. pneumoniae B5055 biofilm (Bedi et al., 2009). Bacteriophages can be used alone or in combination with various bacteriophages in treating bacterial biofilms. Phage mixtures are effective in preventing the formation of bacterial biofilms and removing mature biofilms because they produce fewer types of phage resistance and significantly increase the host spectrum compared to phage alone. However, bacteriophage therapy also has limitations: for example, bacteriophages increase antibiotic resistance, bacteriophage DNA replication and protein synthesis need to interfere with bacteria metabolism, and bacteriophages are related to the growth conditions of bacterial microorganisms (Tagliaferri et al., 2019; Łusiak-Szelachowska et al., 2020). Since bacteriophages are viruses and pathogenic factors, there may be potential hazards. Therefore, when combining phages and antibiotics for treating bacterial biofilms, we should fully consider the possible adverse effects to prevent contraindications to the pairing.




4.5 Quorum sensing inhibitors

The communication mechanism between bacteria and microorganisms is called the quorum sensing system, which can control the expression of various virulence genes at different stages of bacterial biofilm formation and development (Dijkshoorn et al., 2007). Inhibition of this system can impair the formation of bacterial biofilm. As a small signal molecule, an autoinducer can mediate the communication between bacteria and microorganisms in the QS system to coordinate the development of bacterial cells. Significant changes in intracellular gene expression levels may occur when bacterial population densities reach concentration thresholds set by autoinducer agents while under the influence of the external environment (Hemmati et al., 2020). Gene expression level can induce or inhibit various virulence factors in bacterial cells and affect biofilm formation. Autoinducer peptides (AIP), Autoinducer-2 (AI-2), and N-acyl-homoserine lactones (AHLs) are three of the most studied QS signaling molecules (Muras et al., 2022). AIP is synthesized by Gram-positive bacteria. It cannot penetrate bacterial cells but binds to specific transmembrane receptors in cell membranes or cells to stimulate signal transduction pathways and promote the transcription of target genes. AHLs are usually produced by Gram-negative bacteria and can spread into bacterial cells to bind to specific receptor proteins that activate corresponding transcription factors and regulate gene expression (Duplantier et al., 2021). Blocking the production of AHLs can reduce the biological activity of AHL synthase and decrease the concentration of AHLs, which in turn interferes with the QS system. The AI-2 molecule is an autoinducer that mediates the signaling process between Gram-negative and Gram-positive bacteria, which is influenced by osmotic pressure and pH. The signaling molecule will be broken down when exposed to low osmotic pressure. AI-2 signaling molecules can affect bacterial biofilm formation, antibiotic resistance, virulence factor secretion, and cell motility Li and Zhao (2020).

Quorum sensing inhibitors (QSI) are produced by prokaryotes or eukaryotes. It can block the quorum sensing system, which may reduce efflux pump expression and destroy bacterial biofilm formation (Hemmati et al., 2020). QSI has been shown to interfere with AI-2 and the Competence Stimulation Peptide system to prevent the formation of oral bacterial biofilms (Muras et al., 2020). Non-steroidal anti-inflammatory drugs (e.g., Meloxicam and aspirin) can be used as potential QS inhibitors, which can affect the QS signaling molecules of P. aeruginosa and the formation and maturation of its biofilm (Almeida et al., 2018). Some commonly used antimicrobials (e.g., erythromycin, azithromycin, piperacillin-tazobactam, streptomycin, and ciprofloxacin) have high levels of QSI activity (Skindersoe et al., 2008). Natural products, antibiotics and compounds can affect the function of QSI. Bacteria may be resistant to a single QSI preparation, reducing its effective biological activity. Bacteria may be resistant to a single QSI preparation, reducing its effective biological activity. Therefore, it is recommended to combine the application of QSI and antibiotics to inhibit resistance to QSI without increasing the toxicity of antibiotics (Wang et al., 2016), which can effectively improve the therapeutic effect. When resveratrol was combined with aminoglycoside antibiotics (gentamicin, streptomycin, amikacin) to treat bacterial microorganisms, it significantly reduced the formation of bacterial biofilms compared with various substances alone (Zhou et al., 2018). Therefore, QSI can target the quorum sensing system in bacteria and may be a potential therapeutic solution for bacterial biofilms.




4.6 Enzymes involved in biofilm degradation

Enzymes are involved in ESP generation, intercellular communication, maturation and dispersion of biofilms, with high specificity. It can remove specific components from biofilms, helping to inhibit the extracellular matrix and quorum-sensing system of bacterial microorganisms (Ivanova et al., 2015). Enzymes capable of hydrolyzing ESP components have anti-biofilm activity, including oxidase (Nguyen and Burrows, 2014), polysaccharide degrading enzyme (Saggu et al., 2019), and proteolytic enzyme (Wille and Coenye, 2020). Therefore, enzymes are preferred among biological methods for inhibiting biofilms (Tan et al., 2020). Table 2 shows several enzymes and their mechanisms of action.


Table 2 | Enzymes with antibacterial biofilm activity.



Soluble enzymes are unstable under different biofilm growth conditions and are not reusable. Enzyme immobilization can achieve enzyme stability, improve utilization, and reduce activity loss (Perwez et al., 2017). The immobilization includes adsorption, crosslinking, embedding, encapsulation and covalent coupling. Perwez et al. (2021) proposed m-combi-Cross linked Enzyme Aggregate (m-combi-CLEA), a novel biofilm inhibition method that can inhibit the biofilms of E. coli and S. aureus. The bacterial biofilms treated with enzyme mixtures in the form of CLEA showed inhibition rates could reach 75-78%, promising an alternative to antibiotics. The magnetic effect of CLEA helps achieve enzyme recirculation.




4.7 Aptamers

Aptamers are single-stranded oligonucleotide molecules or peptides produced in vitro. Because of its specific three-dimensional structure can select target molecules (e.g., cells, proteins, antimicrobial agents, small molecules, and metal ions) by specific linkage and high affinity. These properties make the aptamers highly active against bacterial biofilms and antimicrobials. Their antibacterial effects may be generated through the depolarization of cell walls of bacterial microorganisms. Aptamers may be an effective alternative to inhibit the development of biofilms (Shatila et al., 2020). Supplementary Figure 4 briefly shows the primary mechanism of action of aptamers in inhibiting bacterial biofilm formation. Aptamers are suitable alternative substances in the treatment of biofilms due to their flexible diagnostic and therapeutic properties. Mao et al. (2018) developed an aptamer-targeted graphene oxide (GO) therapeutic strategy against bacterial biofilms, defining the coupling as aptamer-GO. They found it can inhibit 93.5 ± 3.4% of Salmonella typhimurium biofilms, showing superior antibacterial biofilm properties and effectively becoming a long-term therapeutic option for treating bacterial biofilms. As a special targeting agent, aptamers are expected to improve the effective concentration of antibiotics and reduce the possibility of missing targets, which can be used to treat bacterial microbial infections. The synergistic action of aptamers and antibiotics may affect more bacterial microbial cells (Ning et al., 2015).

Shatila et al. (2020) demonstrated the inhibitory effect of DNA aptamer of Salmonella spp. invasion protein A (Apt177) on bacterial biofilms. They found that Apt177 could alter the three-dimensional structure of biofilms and was effective in reducing bacterial biofilm formation when applied alone or in combination with ampicillin. Enteropathogenic E. coli (EPEC) is a biological agent that causes diarrhea by forming a bacterial biofilm. It was found that the nucleic acid aptamer SELEX 10 Colony 5 could reduce the motion diameter of EPEC K1.1 and showed the highest biofilm inhibition effect. This aptamer can reduce the mRNA expression level of bacterial biofilm formation genes (e.g., curli gene, interaction, and motility), hinder EPEC K1.1’s motility, and prevent bacterial biofilm formation (Oroh et al., 2020). Sengupta et al. (2020) reported the effectiveness of aptamer-DNA template silver nanocluster (Ag-NC) for inhibiting P. aeruginosa biofilm formation, and Ag-NC as a sensor is expected to be a new way to detect planktonic cells and biofilm formation. Ning et al. (2022) found that simultaneous delivery of penicillin-binding protein 2a-specific DNA aptamer and berberine via graphene oxide effectively inhibited the formation of MRSA biofilms, and this complex could potentially be an effective strategy for the treatment of chronic infections caused by MRSA biofilms. P. gingivalis can cause the occurrence of periodontitis. DNA-aptamer-nanographene oxide (NGO) achieves real-time, in situ detection and removal of P. gingivalis biofilm. The DNA-Aptamer-NGO complex serves as an antimicrobial photodynamic therapy and is a promising method that may inhibit the formation of bacterial biofilms (Pourhajibagher et al., 2022). Therefore, aptamers combined with other reagents can improve targeting specificity and inhibit the formation and development of bacterial biofilms, which is considered an ideal measure for antibacterial biofilms.




4.8 Peptide nucleic acid

Peptide nucleic acids (PNA) is a synthetic analogue of nucleic acid, composed of nucleic acid and peptide, similar in structure to DNA or RNA, and identical in physical and chemical properties to protein. PNA has a high affinity and specific binding ability, showing great potential in removing drug-resistant bacteria (Lee et al., 2019), and can hinder the formation of bacterial biofilms. Combined with conventional antibiotics, it can improve the antibacterial efficacy of antibiotics and anti-biofilm activity. There are two main reasons why pre-PNA has yet to be widely used. One is that PNA is hydrophobic and not easily dissolved in an aqueous solution. Second, due to the lack of effective carriers to transport PNA to biofilms, bacterial biofilms have low permeability to PNA (Wojciechowska et al., 2020). Meanwhile, components of bacterial cells, such as lipopolysaccharide and peptidoglycan, are also major barriers that restrict PNA entry into biofilms (Kurupati et al., 2007). Various methods have been proposed to increase the penetration of PNAs into biofilm cells: chemical changes in the structure of PNAs can enhance the hydrophilicity of PNA. Some cell-penetrating peptides (e.g., chloroquine, photochemical internalization, cationic lipids) can covalently bind to PNAs. This process helps PNAs form complementary base pairs with bacterial DNA. Filamenting temperature-sensitive mutant Z (FtsZ) remains silent in numerous bacterial cells and is one of the essential structures involved in the bacterial division process, making ftsZ a potential target for developing new antimicrobial agents. Narenji et al. (2020) showed that antisense PNAs targeting the efaA gene could reduce the formation of Enterococcus spp. biofilms, that anti-ftsZ materials could inhibit bacterial cell growth by interfering with E. coli division, and that PNAs were shown to inhibit the function of ftsZ. AcpP-PNA14-5’L is a PNA peptide based on targeting the acpP gene with a 5’ membrane penetrating peptide and junction. It exhibits efficient antibacterial activity against H. influenzae in both planktonic and biofilm states and is not susceptible to drug resistance (Otsuka et al., 2017). Castillo et al. (2018) found that PNA can directly block the transcription of mRNAs encoding acyl carrier proteins. Certain antibiotics (such as polymyxin B) can interfere with cell wall formation and, when used in combination with PNA, are effective in preventing the formation of biofilms from Enterohemorrhagic E. coli 0157: H7. The combination of PNA with conventional antimicrobials has the potential to be an effective therapeutic option for the treatment of Gram-negative bacteria. In conclusion, PNA is expected to be an effective way to increase anti-biofilm activity.




4.9 Vaccine

Currently, vaccines formulated using biofilm-derived antigens are an effective way to prevent infectious diseases, which can improve the protective efficacy of existing vaccines (Loera-Muro et al., 2021). The outer membrane vesicles (OMV) derived from Bordetella pertussis can effectively prevent the colonization of bacterial cells in the lung of mice. Carriquiriborde et al. (2021) used OMV from the planktonic state (OMVplank) and biofilm state (OMVbiof) to create a vaccine. The OMVbiof vaccine was more affinity and immunogenic than the OMVplank vaccine in antibody induction. In addition, the B. pertussis biofilm-derived vaccine was found to be more protective and immunoreactive against bacterial strains with defective pertactin antigen expression than the OMVplank vaccine. Zurita et al. (2019) found that the OMVs vaccine induced respiratory CD4 tissue-resident memory cells with long-lasting protection against B. pertussis. It caused a durable immune response, making it an excellent alternative to third-generation pertussis vaccines. The treatment of pathogens with biofilm-derived vaccines is still in the research stage and may help treat biofilm infections. More advanced technologies are needed to identify bacterial biofilm-derived antigens in the future.





5 Conclusion and prospect

Clinically, most chronic infections are associated with biofilms of bacterial microorganisms, which are resistant to antibiotics and can grow and mature even under poor survival conditions. Biofilm-associated infection is a significant clinical problem. Biofilms can form on the surface of devices and non-devices, increasing patient morbidity and mortality and seriously threatening human life and health. In addition, the increased spread of multidrug-resistant bacteria has made biofilm infections a significant threat to hospitalized patients. Although many studies have been done to elucidate devices and non-devices surface biofilm formation, they are mainly limited to a few surfaces and specific bacterial microorganisms. Therefore, it is critical to focus on bacterial biofilm infections and work to raise awareness of the different microbial populations present on device and non-device surfaces to develop strategies for detecting and treating bacterial biofilms. Early detection of bacterial biofilms can improve treatment effectiveness and reduce medical costs. There are many strategies to resist biofilms, but relatively few to clinical treatment. In the future, we should also focus on more efficient, durable, and environmentally friendly methods and further study the safety and effectiveness of each strategy.
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Introduction

Biofilm production is an important yet currently overlooked aspect of diagnostic microbiology that has implications for antimicrobial stewardship. In this study, we aimed to validate and identify additional applications of the BioFilm Ring Test® (BRT) for Pseudomonas aeruginosa (PA) isolates from patients with bronchiectasis (BE).



Materials and methods

Sputa were collected from BE patients who had at least one PA positive culture in the previous year. We processed the sputa to isolate both mucoid and non-mucoid PA, and determined their susceptibility pattern, mucA gene status, and presence of ciprofloxacin mutations in QRDR genes. The Biofilm production index (BPI) was obtained at 5 and 24 hours. Biofilms were imaged using Gram staining.



Results

We collected 69 PA isolates, including 33 mucoid and 36 non-mucoid. A BPI value below 14.75 at 5 hours predicted the mucoid PA phenotype with 64% sensitivity and 72% specificity.



Conclusion

Overall, our findings suggest that the fitness-cost associated with the mucoid phenotype or ciprofloxacin resistance is shown through a time-dependent BPI profile. The BRT has the potential to reveal biofilm features with clinical implications.





Keywords: Pseudomonas aeruginosa, antimicrobial agents, antimicrobial resistances, biofilm diagnose, biofilm




1 Introduction

Non-cystic fibrosis (non-CF) bronchiectasis (BE) is a chronic structural and inflammatory respiratory disease characterized by irreversible destruction and dilatation of the bronchi that result in recurrent infections and exacerbations. Physiopathologically, the tissular destruction involves a vicious circle of impaired mucociliary clearance, bronchial infection and chronic inflammation (Cohen and Sahn, 1999; Barker, 2002; King et al., 2006; Hill et al., 2017; Polverino et al., 2017; Flume et al., 2018).. Haemophilus influenzae and Pseudomonas aeruginosa (PA) are the most frequently isolated microorganisms in non-CF BE exacerbations (Chandrasekaran et al., 2018). Furthermore, PA is an independent factor contributing to a threefold increase in the risk of death. It is also associated with a higher number of exacerbations and hospitalizations, and higher symptomatology perceived by the patient (Finch et al., 2015). Given the relationship between PA and poor clinical outcomes in patients with BE, its early detection and appropriate management are essential (Fernández-Barat et al., 2021).

Early PA colonization is frequently associated with the isolation of the non-mucoid phenotype. However, unless eradicated, the non-mucoid strain can shift to a mucoid PA phenotype through genetic changes such as mutations in mucA gene (Fernández-Barat et al., 2017; Crisafulli et al., 2018; Dhand, 2018). These mutations are considered to play an important role in the genetic adaptive evolution of PA. It has been demonstrated that mutator populations are amplified in the lung by presenting adaptive mutations (Ciofu et al., 2017). Loss-of-function mutations in mucA cause an overproduction of alginate exopolysaccharide, which is characteristic of the mucoid phenotype. The mucoid phenotype has been shown to be a hallmark of chronic infections, higher viscoelasticity of sputum (Alcaraz-Serrano et al., 2019) and biofilm maturation, which impair both the effect of antibiotics and host immune functions (Malhotra et al., 2018). In addition, the metabolic rate of PA within biofilm aggregates is lower than its planktonic counterparts, driving bacterial cells to a dormant state in which some of them become “persister cells” that do not divide and are highly tolerant to antimicrobials (Lewis, 2007; Yang et al., 2008).

It is important to highlight that the Minimum Inhibitory Concentration (MIC) routinely reported by the microbiology laboratories does not reflect the Minimum Biofilm Inhibitory Concentration (MBIC) since the MBIC is often several times greater than the MIC of a planktonic PA strain (Ciofu et al., 2017). Thus, the diagnostic value of biofilm formation is currently underestimated hindering the management of patients with chronic respiratory diseases (Wang et al., 2012; Thieme et al., 2019).

Multiple methods are available to measure bacterial biofilm production, although none of them are currently applied in the routine standard of care (Peeters et al., 2008; Pantanella et al., 2013). The microtiter plate method is extensively used to quantify the in vitro biofilm capability of bacteria, but it is limited by the inability to confidently extrapolate those results to in vivo scenarios (Fernández-Barat et al., 2018). BioFilm Ring Test® (BRT) is a novel technology developed to determine biofilm formation production by the measurement of the adhesion between bacteria. It has shown increased sensitivity and specificity compared to the traditional crystal violet test. The BRT does not require staining, is easy to handle and the results can be obtained in a few hours, being more suitable for clinical practice than previous techniques (Chavant et al., 2007; Sulaeman et al., 2010; Olivares et al., 2016). The BRT has been recently shown to have a potential application in the selection of antimicrobials in CF (Olivares et al., 2016). However, additional applications of the BRT, such as its correlation with microbiological and clinical features have not been previously reported (Di Domenico et al., 2016). We aimed to validate the BRT assay using a significant number of PA clinical isolates from Non-CF BE patients. We also aimed to investigate additional applications of the BRT by comparing the biofilm production index (BPI) between mucoid and non-mucoid PA isolates, susceptible and resistant PA, presence and absence of biofilm pattern by Gram and intermittent and chronic infection status, in addition to assess the sensitivity and specificity for significant associations. Finally, we correlated the BPI with the mutations in mucA gene.



2 Material and methods



2.1 Definitions



2.1.1 Bronchiectasis

A diagnosis of BE of any cause in the absence of chronic obstructive pulmonary disease (COPD) using high-resolution computed tomography (HRCT) of the chest.



2.1.2 Bronchiectasis with chronic obstructive pulmonary disease

Diagnosis of BE as mentioned above and a diagnosis of COPD (persistent respiratory symptoms and airflow limitation with a history of smoking, according to the GOLD criteria (Vogelmeier et al., 2017).



2.1.3 Chronic infection

≥2 PA isolates in respiratory specimens ≥3 months apart in 1 year (Polverino et al., 2017).



2.1.4 Intermittent infection

PA isolates in respiratory specimens not accomplishing the chronic infection definition (Fernández-Barat et al., 2021).



2.1.5 Exacerbation

Deterioration in three or more key symptoms: cough, sputum volume and/or consistency, sputum purulence, dyspnea and/or exercise tolerance, fatigue or malaise, and hemoptysis, in accordance with European guidelines (Hill et al., 2017).



2.1.6 Slow growing PA

PA with an increased BPI in 24 h of incubation when compared to 5 h of incubation.




2.2 Patients and strains

The studies involving human participants were reviewed and approved by the Internal Review Board of the Hospital Clinic of Barcelona (registry number HCB/0236). Written informed consent was obtained from all patients. The study was carried out in compliance with the Declaration of Helsinki (current version: Fortaleza, Brazil, October 2013) and with the requirements of the 2007 Spanish Biomedical Research Act.

All patients (≥18 years) had BE (confirmed by a CT scan) with or without COPD and had at least one recent positive sputum culture for PA prior to study recruitment. Valid sputa were immersed in 1:1 Dithiothreitol (DTT) solution and sonicated for 5 min at 40KHz in an ultrasonic cleaning equipment (Branson 3510 E-MT; Bransonic, Danbury, CT, USA), before being serially diluted in 0.9% saline solution and cultured both in MacConkey agar and Blood agar (BD). PA strains were isolated and identified by MALDI-TOF. They were classified as mucoid or non-mucoid phenotypes depending on the colony morphology. An extension of each fresh sample was obtained for the Gram staining.



2.3 Imaging PA biofilms by Gram staining

The quality of the sample was evaluated by Gram staining in the area of maximal purulence, according to the criteria of Murray and Washington (1975). To image the Gram staining, an Olympus BX41TF microscope (Olympus, Tokyo, Japan) with a 100X oil immersion lens was used. Gram-negative bacilli susceptible of PA (PA was confirmed in culture from the same sputum sample) were classified into 3 groups: planktonic PA (Gram-negative rods present without aggregates), PA biofilm (Gram-negative rods present in aggregates) and PA alginate (Gram-negative rods in aggregates embedded in alginate).



2.4 Susceptibility testing

Strains were classified as resistant, intermediate or susceptible to amikacin, tobramycin, imipenem, meropenem, ceftazidime, ciprofloxacin, piperacillin-tazobactam, aztreonam, and colistin according to the EUCAST (2017) breakpoints using the disk diffusion method (BD) following the EUCAST protocol. ATCC 27853 was used as quality control. Strains were then categorized as non-multidrug resistant (non-MDR) or resistant strains (including multidrug resistant (MDR) and extensive drug resistant (XDR) strains) according to current definitions (Magiorakos et al., 2012).



2.5 Biofilm ring test

The test was performed using the reagents in the Biofilm Ring Test kit (KIT01) (Biofilm Control, Saint Beauzire, France), following Chavant T. et al. protocol (Chavant et al., 2007). Bead aggregation was analyzed by the BFC Elements 3.0 software (Biofilm reader, Biofilm Control, Saint Beauzire, France). In order to minimize variability on the BPI, 8 intra-assay replicates and inter-assay triplicates were performed. PA were then classified into weak BPI<5, moderate BPI≥5 but <10, strong BPI≥10 but <15 and very strong BPI≥15 biofilm producers based on their BPI. In a subset of 20 mucoid and 9 non-mucoid PA suspected of slow biofilm production at 5h, an extended experiment was performed, using the aforementioned protocol but with a 24h incubation instead of the 5h of the standard protocol in order to elucidate the role of the PA slow growth in the BPI results. We classified the strains showing an increase in BPI from 5 to 24 hours as slow-growing Pseudomonas aeruginosa strains. To estimate their growth rate, we used the percentage of the total BPI at 5 hours. We then compared the growth rates between mucoid and non-mucoid strains that exhibited slow growth.



2.6 Mutations in mucA and QRDR genes

The mucA gene of all PA and for quinolone resistant QRDR genes (gyrA, gyrB, parC and parE) for 43 PA isolates included in this study were amplified by PCR. Primers used for amplification and sequencing are reported in Table 1 or previously published (Cabrera et al., 2022). PCR products were sequenced by Sanger methods (Genewiz, Germany), and were analyzed by alignment with the corresponding template sequence of PAO1 mucA at GenBank (Ciofu et al., 2010). PCR was performed in a Veriti PCR Thermal Cycler (Applied Biosystems, France) for 2 min denaturation at 94°C followed by 30 cycles of 1 min at 94°C, 1 min at 60°C and 1 min at 72°C, with a final extension of 7 min at 72°C.


Table 1 | Amplification and sequencing primers for mucA.





2.7 Statistical analysis

Categorical variables were reported as number (%), while continuous variables were reported as mean ± standard deviation (SD) or median (interquartile range, IQR), if the distribution was normal or non-normal, respectively. Continuous variables between groups were compared using the one-way analysis of variance (ANOVA) followed by a post-hoc pairwise Tukey’s honestly significant difference (HSD) or Kruskal-Wallis tests, as appropriate. Paired samples were compared with a paired t-test or the nonparametric Wilcoxon signed-rank test when appropriate. Chi-squared test was performed for categorical comparisons.

Receiver operating characteristic (ROC) curves (*) were constructed to determine the best cut-point for BPI to predict the PA phenotype or resistance to ciprofloxacin. Youden’s index (Youden, 1950) was defined for all points along the ROC curve, and the maximum value of the index was used as a criterion for selecting the optimum cut-off point. To determine the predictive capacity of BPI for identification of PA mucoid phenotype or resistance to ciprofloxacin, we determined sensitivity, specificity, positive and negative predictive values (*), along with the 95% confidence intervals (CIs).

All statistical analyses were performed with the SPSS program version 22.0. The level of significance was adjusted at 0.05 (two-tailed).




3 Results



3.1 Patients and strains

Sixty-nine BE patients were included (25 of them with BE-COPD). Forty-eight patients had been chronically infected by PA for a period of 5.5 [2.25-12] years whilst 21 were intermittently colonized. Thirty-three mucoid and 36 non-mucoid PA isolates similarly distributed between the BE-COPD and BE (p=0.78) were found. The distribution of mucoid vs non-mucoid PA strains was different between chronically infected and intermittently colonized patients (94% vs 6% for the mucoid strains and 47.2% vs 52.8% for the non-mucoid strains, respectively, p < 0.001).



3.2 Gram visualization

Presence of alginate in sputa Gram stains was observed in 44% of the patients with a chronic PA respiratory infection, but was not found in the non-chronically infected patients (p = 0.004). Alginate was more frequently when the mucoid PA was isolated than when the non-mucoid PA was isolated (93.3% vs 6.7%, respectively, p < 0.001) and more frequently observed in the non-MDR PA isolates than in the resistant ones (MDR and XDR) (78.6% vs 21.4%, respectively, p = 0.010). The presence of alginate in the Gram stains did not show a statistically significant association with differences in the BPI, although the sputum samples with alginate were associated with lower BPI values at 5 h than those without alginate (13.38 [6.98-19.73] vs 16.7 [7.18-20.00], p = 0.202) (Figure 1).




Figure 1 | Three different stages of PA mode of growth in sputum observed by light microscopy (100X). (A) Planktonic stage in which Gram-negative bacilli are seen free floating in planktonic mode of growth (circled an individual gram-negative bacilli). (B) Gram-negative bacilli grow aggregated forming immature biofilms. (circled an aggregate of gram-negative bacilli inside mucus) (C) Gram-negative bacilli can be found aggregated embedded in an optically distinguishable alginate extracellular matrix circled in the image.





3.3 Biofilm ring test

The BPI after 5 h was significantly different between the mucoid and non-mucoid strains, being higher in the non-mucoid isolates (12.36 [5.55-18.74] vs 19.08 [10.63-20.00], respectively, p = 0.006) (Figure 2A). In a subset of 22 mucoid and 18 non-mucoid PA strains with slow growth, BPI was compared at 5 h vs 24 h of incubation. The percentage of BPI achieved at 5 h was different between mucoid and non-mucoid strains (35.33 ± 23.78 vs. 68.37 ± 23.07 ± 23.07, p<0.0001), which demonstrated that the delay in growth was superior in mucoid than in non-mucoid strains. The BPI increased in a time-dependent manner for mucoids at 5 vs 24h (4.55 [1.18-7.86] vs 19.75 [18.60-20.00], respectively, p = 0.001). By contrast, no statistically significant increase in the BPI was found for non-mucoid strains at 5 h vs 24 h (6.84 [6.01-9.05] vs 19.55 [12.09-19.96], respectively, p = 0.068) (Figure 2B).




Figure 2 | The Biofilm index of mucoid and non-mucoid PA phenotypes and its time-dependent increase during incubation. (A) Boxplot showing BPI of the 69 PA isolates, by mucoid and non-mucoid PA, read at 5h as recommended by manufacturer. Median and interquartile ratio are represented by the box and whiskers show the maximum and minimum values. The non-mucoid vs mucoid PA phenotype is associated with an increased BPI (19,08 [10,63-20,00] vs 12,36 [5,55-18,74] p=0.006, respectively). (B) BPI at 5 vs 24h by phenotype. Median is represented by the central line whilst interquartile ratio is represented by the two lines at the extremes. A statistically significant increase of the BPI can be seen in mucoid strains when incubating at 24 h whilst a greater heterogenous non-statistically significant result is achieved in non-mucoid strains).



In particular, all the 8 mucoid strains with a low BPI that were weak biofilm producers at 5 h exhibited a strong and very strong biofilm producer phenotype at 24 h based on their BPI (1.98 [0.38-4.19] vs 19.31 [17.13-20.00], respectively, p = 0.012). Additionally, the categorical stratification of the BPI (at 5 h) into weak, moderate, strong and very strong biofilm producers presented significant differences when comparing mucoid and non-mucoid PA strains (p = 0.022). After 24 hours, 85% of the mucoid vs 56% of the non-mucoid strains demonstrated a strong or very strong ability to produce biofilms (see Table 2). Comparing the BPI of resistant and susceptible strains for all the antimicrobial agents, no significant differences were found in the BPI, except for ciprofloxacin. Ciprofloxacin-resistant strains presented a lower BPI than susceptible strains (12.94 [6.58-19.37] vs 19.38 [9.73-20.00], respectively, p = 0.039) (Figure 3).


Table 2 | Categorical stratification of the BPI among mucoid and non-mucoid Pseudomonas aeruginosa strains.






Figure 3 | BPI in accordance to antibiotic resistance. The boxplot represents median and interquartile ratio, whiskers represent minimum and maximum values. Differences in the BPI in accordance to antibiotic resistance pattern where only statistically significant comparing ciprofloxacin resistant vs. susceptible PA (12,94 [6,58-19,37] vs. 19,38 [9,73-20,00], p=0.039, respectively).



Although a trend of an increased BPI was found in the PA isolates from intermittently colonized patients compared to those from chronically infected patients, this was not statistically significant (15.27 ± 1.21 vs 13.24 ± 1.00, respectively, p = 0.20). PA isolates from patients with BE and from those with BE-COPD did not differ in their BPI (13.47 ± 1.076 vs 14.55 ± 1.09, respectively, p = 0.49). No differences were found in the categorical stratification of the BPI when comparing the chronicity of infection (intermittent vs chronic PA infection), resistance pattern (MDR or XDR vs non-MDR) or the underlying respiratory disease (BE or BE-COPD).



3.4 MucA mutations

Out of the 67 PA strains tested, 13 had mutations in the mucA gene (mutant mucA), whilst 54 did not (wild-type mucA). The BPI at 5 h of the mutants was lower compared to the wild-type PA strains (7.61 [1.98-19.27] vs 17.79 [9.94-20], respectively, p = 0.028) (Figure 4). In contrast, at 24 h, differences were not statistically significant between the mutants vs. the wild type BPI (20.00 [18.80-20.00] vs 18.64 [15.79-19.59], respectively, p = 0.051).




Figure 4 | BPI of mutant vs wild-type strains for mucA gene. This figure shows how mutant strains present a reduced BPI when compared to wild-type strains being this last population much more heterogeneous in BPI testing results.



Interestingly, 50% of the strains that showed slow growth (BPI differed at 5 h vs 24 h) presented mutations in the mucA gene, whilst all the non-slow-growing strains had the wild-type mucA gene (p = 0.005). Wild-type strains presented an increased proportion of resistance compared to the mucA mutant strains (87.9% vs 12.1%, respectively, p = 0.05). In particular, amikacin resistance was higher in the wild-type strains than in the mutant PA strains (84.2% vs 15.8%, p = 0.032).

No differences were found in the distribution of the mucoids vs non-mucoids in mutant and wild-type PA strains, BE vs BE-COPD, intermittent vs chronic PA colonization or the 3 categories of Gram.



3.5 Ciprofloxacin resistance mechanism

Twenty four out of 43 (56%) PA isolates did not present any mutation on QRDR genes and they were quinolone susceptible as confirmed by disc diffusion (group 0). Five out of 43 (12%) presented <3 mutations on QRDR genes (group 1) and they were quinolone resistant as confirmed by disc diffusion with and an average MIC of 9 mg/L. Finally, 14 out of 43 (33%) presented ≥3 mutations on QRDR genes (group 2) and they were quinolone resistant as confirmed by disc diffusion and with an average MIC of 20-32mg/L. Comparing those strains of group 0, group 1 and group 2 we observed that the group 2 ones had the lowest BPI (17.64 [7.68-2.00], 12.67 [10.91-20.00] and 8.20 [3.45-13.88], p=0.030, respectively). Pairwise comparisons found significantly lower BPI in group 2 compared with group 0 (p=0.012) without any other statistically significant differences.



3.6 Predictive performance of BPI compared to phenotype or resistance to ciprofloxacin

Following Youden’s index methodology, we selected 14.75 as the optimal cut-off point for BPI to predict the PA phenotype (<14.75 = Mucoid, ≥14.75 = Non-mucoid; sensitivity, specificity, positive and negative predictive values were 64% [95% CI 46% to 82%], 72% [95% CI 56% to 88%], 68% [95% CI 50% to 86%], and 68% [95% CI 52% to 85%], respectively), and 19.28 as the optimal cut-off point for BPI in relation to resistance to ciprofloxacin (<19.28 = Ciprofloxacin resistant, ≥19.28 = Ciprofloxacin susceptible; sensitivity, specificity, positive and negative predictive values were 75% [95% CI 59% to 91%], 52% [95% CI 32% to 71%], 64% [95% CI 49% to 80%], and 64% [95% CI 43% to 85%], respectively) (Figure 5).




Figure 5 | ROC curves for sensitivity and specificity. (A) ROC curve to assess the best cut-off point of the BPI for PA phenotype determination. (B) ROC curve to assess the best cut-off point of the BPI for PA resistance to ciprofloxacin.






4 Discussion

To the best of our knowledge, this is the first study that validates BioFilm Ring Test® (BRT) in a significant number of PA strains from patients with bronchiectasis and which describes BioFilm production Index (BPI) associations with microbiology and clinical outcomes. We found that at 5h of incubation, non-mucoid PA and ciprofloxacin susceptible showed higher BPI than mucoid and ciprofloxacin resistant PA strains, respectively; We suggested a new application of BRT using BPI cut off points to predict the mucoid (<14.75) or Ciprofloxacin resistant (<19.28) phenotype, two outcomes of clinical interest in the context of chronic respiratory diseases. In addition, the presence of alginate in Gram images was associated with the mucoid phenotype, non-MDR PA strains and with the chronic respiratory infection status of the patient. Considering the current lack of routine methods in hospital settings to diagnose biofilm and their clinical implications, this translational approach reveals new diagnostic applications for BRT.

Biofilm formation is a dynamic process that occurs in the first phase, when strains switch from the planktonic to a sessile mode of growth in which they increase their production of adhesins (Youden, 1950), grow in aggregates and are regulated by quorum-sensing signaling pathways (Berne et al., 2015). Biofilm maturation in human PA infections involves the overproduction of extracellular matrix, which is carried out by mucoid strains, and a sustained lethargic metabolism (Figure 6). We found that mucoid PA strains, associated with mature biofilms, presented a lower BPI compared to non-mucoid strains at 5 h. However, when the BRT was extended to 24 h, all the mucoid strains exhibited the highest BPI score, indicating that the performance of the mucoid PA strains in the BRT was influenced by the downregulated metabolism of the mucoid phenotype, which needed extra time to reveal their true BPI. Further analyses demonstrated that a BPI < 14.75 predicted the mucoid phenotype with 64% sensitivity and 72% specificity at 5 h. Such values could be, hopefully, improved with a greater sample size.




Figure 6 | Biofilm dynamic during time and phenotype switch. The figure shows how the metabolic ratio of PA decreases whilst phenotype switches from a non-mucoid state to a mucoid phenotype and at the same time PA starts growing in biofilms instead of being found in planktonic state.



Interestingly, despite no differences were found for other antibiotics, ciprofloxacin resistant PA presented lower BPI than susceptible strains as it has already been seen in E. coli for extensive spectrum beta lactamase (Mukherjee and Bassler, 2019). This is important since ciprofloxacin is the first recommended treatment for Pseudomonas aeruginosa eradication in bronchiectasis patients (Polverino et al., 2017). In spite of this, the mucoid PA has been previously linked to a more susceptible antimicrobial profile compared to the non-mucoid (Batoni et al., 2019). Here we found that PA isolates with more than 3 mutations on QRDR genes were those exhibiting the lowest BPI. Based on our data, the observed correlation between decreased BPI and ciprofloxacin resistance can be explained by an increase in the number of mutations in QRDR and the fitness-cost associated to these mutations. Strains exposed to high levels of environmental stress are more likely to undergo mutations in QRDR, particularly when their metabolism is downregulated. This downregulation could account for the observed link between quinolone resistance and decreased BPI at the 5-hour time point. Further investigation into the use of BRT to predict ciprofloxacin resistance is warranted, given that the traditional method requires a turnaround time of at least 48 hours, whereas BRT can provide results in as little as 5 hours. Recent research has shown that subinhibitory concentrations of β-lactams can induce the BioFilm index (Fernández-Barat et al., 2017), highlighting the potential of BRT as a promising diagnostic tool for Pseudomonas respiratory infections

Herein, we describe for the first time the association between mutations in mucA gene and BPI performance. Interestingly, our results are in accordance to what was observed for the mucoid phenotype. As mucoids, the 13 mutant PA presented a time dependent increase in BPI at 5 h to 24h. In contrast, wild type PA, as well as non-mucoid, presented a less time dependent BPI. In addition, we confirmed slow growth was associated with mucA mutations.

The lack of differences found in the BPI of patients with BE-COPD and BE is attributed to the fact that mucoid and non-mucoid were similarly distributed between BE-COPD and BE alone. Our findings are in line with previous reports indicating that the presence of BE does not influence mortality in long-term follow-up hospitalized COPD exacerbations (Olivares et al., 2020). Thus, the underlying respiratory disease may not have such a relevant role on PA phenotype and biofilm production which rather responds to the stage of chronic infection.

A limitation of this study was the variability in metabolic rates between PA strains, with some strains growing faster than others. To overcome this limitation, we assessed BRT at two different time points. It is also important to note that while we tested the BRT for PA, as it is the most common pathogen in our population, this test could also be applied to other biofilm producing microorganisms.



5 Conclusions

The BioFilm Ring Test® (BRT) is a promising technology that can be integrated into clinical practice due to its ability to rapidly assess the biofilm-forming capabilities of microorganisms within just 5 hours. While further validation is needed to assess its predictive value for the mucoid phenotype and the ciprofloxacin resistance, the BRT has the potential to shed light on biofilms that are currently underestimated in antimicrobial stewardship efforts.
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Acinetobacter baumannii is a leading cause of biofilm-associated infections, particularly catheter-related bloodstream infections (CRBSIs) that are mostly recalcitrant to antimicrobial therapy. One approach to reducing the burden of CRBSIs is inhibiting biofilm formation on catheters. Owing to their prodigious microbial diversity, bacterial endophytes might be a valuable source of biosurfactants, which are known for their great capacity to disperse microbial biofilms. With this in mind, our study aimed to screen bacterial endophytes from plants growing on the banks of the River Nile for the production of powerful biosurfactants capable of reducing the ability of A. baumannii to form biofilms on central venous catheters (CVCs). This was tested on multidrug- and extensive drug-resistant (M/XDR) clinical isolates of A. baumannii that belong to high-risk global clones and on a standard strain of A. baumannii ATCC 19606. The drop collapse and oil dispersion assays were employed in screening the cell-free supernatants (CFS) of all endophytes for biosurfactant activity. Of the 44 bacterial endophytes recovered from 10 plants, the CFS of Bacillus amyloliquefaciens Cp24, isolated from Cyperus papyrus, showed the highest biosurfactant activity. The crude biosurfactant extract of Cp24 showed potent antibacterial activity with minimum inhibitory concentrations (MICs) ranging from 0.78 to 1.56 mg/ml. It also showed significant antibiofilm activity (p-value<0.01). Sub-MICs of the extract could reduce biofilm formation by up to 89.59%, while up to 87.3% of the preformed biofilms were eradicated by the MIC. A significant reduction in biofilm formation on CVCs impregnated with sub-MIC of the extract was demonstrated by CV assay and further confirmed by scanning electron microscopy. This was associated with three log10 reductions in adhered bacteria in the viable count assay. GC-MS analysis of the crude biosurfactant extract revealed the presence of several compounds, such as saturated, unsaturated, and epoxy fatty acids, cyclopeptides, and 3-Benzyl-hexahydro-pyrrolo [1, 2-a] pyrazine-1,4-dione, potentially implicated in the potent biosurfactant and antibiofilm activities. In the present study, we report the isolation of a B. amyloliquefaciens endophyte from the plant C. papyrus that produces a biosurfactant with potent antibiofilm activity against MDR/XDR global clones of A. baumannii. The impregnation of CVCs with the biosurfactant was demonstrated to reduce biofilms and, hence, proposed as a potential strategy for reducing CRBSIs.
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1 Introduction

Acinetobacter baumannii (A. baumannii) has become a global threat in healthcare settings and a leading cause of healthcare-associated infections (Gedefie et al., 2021). This successful nosocomial pathogen is known for its adaptable genetic machinery that is capable to accumulate resistance genes and to acquire multidrug-, extensive drug-, and pan-drug-resistance phenotypes (Rolain et al., 2013; Wasfi et al., 2021; Zafer et al., 2021). In addition, it has remarkable environmental resilience partly due to its simple growth requirements and resistance to desiccation (Peleg et al., 2012).

One of the hallmark characteristics of A. baumannii is the propensity to form biofilms in which they live in surface-attached communities (Eze et al., 2018). Biofilm-embedded A. baumannii is properly shielded from antibiotics, immunity factors, and harsh environmental conditions. The close proximity within biofilms further enhances the acquisition of foreign genes through horizontal gene transfer. Hence, A. baumannii is a frequent cause of biofilm-related, particularly catheter-related bloodstream infections (CRBSI) and ventilator-associated pneumonia (VAP) (Gedefie et al., 2021). Such infections are mostly associated with devastating outcomes and are exceedingly resistant to a wide range of antimicrobial treatment modalities, posing a great challenge to infectious disease practitioners (Mansouri et al., 2013; Abd El-Rahman et al., 2023; Lafuente Cabrero et al., 2023).

Biofilm-related A. baumannii infections are mostly seen in intensive care units (ICU), where life support systems (e.g.; mechanical ventilation) and indwelling medical devices (e.g.; vascular and urinary catheters) are widely used (Lynch et al., 2017). A central venous catheter (CVC) insertion is the most common invasive procedure that leads to A. baumannii infections in ICUs (Castilho et al., 2017). Even using extreme aseptic techniques, the percutaneous insertion of catheters was found to permit the attachment of bacteria. This then progresses to biofilm formation and planktonic dispersion into the bloodstream, causing CRBSIs (Pathak et al., 2018). An estimated 250,000 bloodstream infections occur annually, and most are related to the presence of intravascular devices. In the United States, CRBSIs are still experienced by tens of thousands of patients annually, resulting in thousands of deaths and adding billions of dollars to the cost of the country’s healthcare system (Guenezan et al., 2018). The likelihood of developing CRBSI was found to be increased by chemotherapy, immunosuppression, and long-term catheterization (Lafuente Cabrero et al., 2023). Previous studies have reported biofilm formation capacity in up to 76% of CVC devices reported to have A. baumannii (Nahar et al., 2013; Sanchez et al., 2013; Duarte et al., 2016; Castilho et al., 2017). Consequently, researchers have been long looking for innovative ways to maintain CVCs biofilm-free.

Catheter coating or impregnation with various compounds that prevent biofilm formation and bacterial colonization is one of the approaches proposed by many authors to reduce the incidence of CRBSIs. While antimicrobial agents have been commonly used for coating or impregnation of catheters (Wang et al., 2018; Neethu et al., 2020; Sivanandan, 2020; Corrêa Carvalho et al., 2022), only partial clinical efficacy was shown by some antimicrobial-coated catheters, particularly against MDR pathogens (Mansouri et al., 2013). In addition, the use of antimicrobial-treated catheters might contribute to the evolution of antimicrobial resistance (Donlan, 2011). Hence, antibiofilm compounds represent good alternatives to antimicrobial agents, as they inhibit biofilms without exerting selection pressure on bacterial growth and thus reduce the development of antibiotic resistance (Amer et al., 2022, Wang et al., 2018; Neethu et al., 2020). Examples include catheter pretreatment with bacteriophages, surfactants, or enzymes (Donlan, 2011).

Biosurfactants are among the promising candidates for application in inhibiting bacterial biofilms (Banat et al., 2014). Biosurfactants, also named green surfactants, are surface active agents of biological origin. They are amphiphilic in nature, having hydrophilic and hydrophobic parts. They are non-toxic and biodegradable and do not accumulate in the environment. Microbial biosurfactants have been gaining much attention, owing to their chemical properties and stability under several environmental conditions (Eras-Muñoz et al., 2022). These properties make them relevant molecules for applications in combating many diseases and as potential therapeutic agents.

Endophytes are a class of endosymbiotic microorganisms that colonize plants and serve as stores for unique bioactive secondary metabolites, such as alkaloids, phenolic acids, quinones, steroids, saponins, tannins, terpenoid, and biosurfactants (Gouda et al., 2016; Ashitha et al., 2020; Marchut-Mikołajczyk et al., 2021). Endophytes can stimulate plant growth, facilitate the de novo synthesis of biologically active compounds, such as antibiotics, biosurfactants, and phytohormones, increase the host’s resistance to stressful environmental conditions, and increase the resistance of the host plant to pathogens and pests (Marchut-Mikołajczyk et al., 2021). Research into the biodiversity of endophytic strains for novel metabolites may lead to the discovery of new drugs, potentially contributing to the effective treatment of diseases in humans, plants, and animals (Ryan et al., 2008). Ongoing discoveries on the variety of metabolites produced by endophytes and their promising applications show that endophytes have inspired research in the development of biotechnological solutions. These solutions span from the exploration to the manufacture of industrially relevant metabolites that could help identify long-lasting sustainable solutions for the economic exploitation of biosurfactants that reduce biofilm formation, (Tidke et al., 2019).

Thus, the present study aimed to screen endophytes from Egypt for the ability to produce a powerful biosurfactant that can inhibit biofilms of MDR and XDR A. baumannii and to investigate the potential application of this biosurfactant in reducing biofilm formation on CVCs.




2 Materials and methods



2.1 Clinical strains and growth conditions

Five clinical isolates of multidrug- and extensive drug-resistant A. baumannii and a standard strain A. baumannii ATCC® 19606 were included in this study. The clinical isolates were recovered from different clinical specimens of patients admitted to Kasr Al-Ainy Hospital, which were collected in a previous study conducted by Hamed et al. (2022). As part of the previous study, the multilocus sequence typing (MLST) revealed that these isolates belong to high-risk global clones (GCs), as shown in Table 1. Bacterial cultures were routinely grown in Luria-Bertani (LB) medium at 37°C for 24 hours.


Table 1 | MLSTs and GCs of the clinical isolates included in the current study (Hamed et al., 2022).






2.2 Collection of plants and isolation of endophytes

From April to November 2019, samples from different plants growing along the banks of the River Nile were randomly collected and screened for biosurfactant-producing bacterial endophytes. For endophyte isolation, fresh and healthy samples of each plant were collected, stored in sealed plastic bags, and delivered to the laboratory on the same day of collection for further processing. All samples were surface sterilized in the method described by Katoch et al. (2017), with some modifications. Briefly, the samples were thoroughly washed under tap water and distilled water, then dried using tissue paper. All washed plant materials were cut into 5 cm segments that were surface sterilized by sequential immersion in 70% ethanol (v/v) for 3 min, 1% sodium hypochlorite (v/v) for 12 minutes, and then 70% ethanol (v/v) for additional 30 sec. Finally, the segments were rinsed three times in sterile distilled water to remove residual sterilant and then left to dry under an airflow cabinet until complete drying. The plant segments were aseptically cut using sterile surgical scalpels into 2 mm-thick segments that were placed on trypticase soy agar (TSA) plates, ensuring direct contact of the cut edges with the culture media. The plates were incubated at 30°C for 5 days. To confirm the effectiveness of the surface sterilization process, 50 µl samples of the last distilled water rinse were cultured on TSA, incubated at the same conditions, and checked daily for the growth of surface contaminants. Morphologically distinct bacterial colonies growing under the plant parts were isolated to obtain pure colonies. Endophyte isolates were preserved in trypticase soy broth (TSB) supplemented with 25% (v/v) glycerol at -20°C.




2.3 Screening the endophytes for biosurfactant production

Endophytes were screened for biosurfactant production after the preparation of cell-free supernatant (CFS) using the methods described by Amer et al. (2021). The turbidity of an overnight culture of endophytes grown in TSB was adjusted to be equivalent to an OD600 of 1. The diluted culture was then used to inoculate fresh TSB to achieve a final dilution of 1:100. Flasks were then incubated at 30°C with shaking at 120 rpm for 4 days. CFS was prepared by centrifugation at 10,000 rpm for 10 min at 4°C, followed by filtration using a 0.22 µm filter (Millipore, Bedford, MA, USA). These were then screened for their biosurfactant activity using the drop collapse, oil displacement, and emulsification assays described below.



2.3.1 Drop collapse assay

The drop collapse assay was carried out as described by Patel et al. (2021). First, a drop (35 µl) of the CFS was placed on the surface of a parafilm. Biosurfactant production was indicated by the spreading or collapse of the drop within 15 min (Patel et al., 2021).




2.3.2 Oil displacement test

Isolates that showed positive drop collapse assay were further subjected to the oil displacement assay that was carried out following the procedure described by Joe et al. (2019). Briefly, 50 ml of distilled water was added to a Petri dish. This was overlaid by a thin layer of castor oil (100 µl). Approximately 10 µl of the CFS was added to the center of the oil layer. After 30 seconds, the oil surface was observed for the emergence of a clear zone. Uninoculated TSB and Triton X-100 were used as negative and positive controls, respectively.

The isolate with CFS causing the greatest displacement of the oil layer was selected for further testing.




2.3.3 Emulsification assay

The emulsification assay confirmed the biosurfactant production potential of the endophyte that showed the highest oil displacement activity. Following the method described by Satpute et al. (2010), equal parts of the CFS and castor oil were combined by vortexing for 2 minutes before being left to stand for 24 hours. The emulsification activity was indicated by the emulsification index (% EI24), which was calculated according to the following formula:

	





2.4 Molecular identification of the bacterial endophyte-producing biosurfactant

The bacterial endophyte showing the highest emulsification activity was identified by its microscopic morphology, followed by molecular analysis based on the 16S rRNA gene sequence. DNA was extracted using the GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific Inc., USA) as per the manufacturer’s instructions. The 16S rRNA gene was amplified by the universal pair of primers designed by Weisburg et al. (1991): 27F (5′AGAGTTTGATCCTGGCTCAG3′) and 1492R (5′CGGTTACCTTGTTACGACTT3′). The purified PCR product was then sequenced by Macrogen® (Seoul, South Korea) using ABI 3730xl DNA Analyzer. Gene sequences were compared to sequences in the National Center for Biotechnology Information (NCBI) database using the nucleotide Basic Local Alignment Search Tool (BLASTn). Gene sequences with high similarity to that determined in the study were retrieved and genetic diversity was analyzed using Molecular Evolutionary Genetics Analysis version 11.0 (MEGA 11). The phylogenetic tree was constructed by the maximum parsimony method (Tamura et al., 2013).




2.5 Preparation of the crude biosurfactant from the endophyte Cp24

For extraction of the crude biosurfactant, the CFS was prepared in the same way as in the preliminary screening for biosurfactant production. The CFS was acidified to pH 2.5 using HCl (5 N) and stored overnight at 4°C for precipitation of the biosurfactant compounds. The crude biosurfactant was then extracted twice from the acidified supernatant by shaking with double volumes of ethyl acetate (EtOAc) (Patel et al., 2021). The ethyl acetate extract was pooled and dried under a vacuum in a rotary flash evaporator (Heidolph, Germany) at 45°C. Based on the solubility, the dried extract was dissolved in 20% (v/v) Dimethylsulfoxide (DMSO) to obtain a stock solution of 50 mg/ml. The final concentrations of DMSO in all experiments were confirmed to not affect bacterial growth.




2.6 Assessment of the antibacterial activity of the crude biosurfactant against A. baumannii

The antibacterial activity of the crude biosurfactant extract against A. baumannii was evaluated using the broth microdilution assay. The minimum inhibitory concentrations (MICs) of the crude biosurfactant were determined according to the guidelines of the Clinical and Laboratory Standards Institute (CLSI) (CLSI, 2015). In 96-well microtiter plates, two-fold serial dilutions of the crude extract were prepared in Muller Hinton Broth (MHB; Oxoid, UK) to final concentrations ranging from 0.01 to 12.5 mg/ml. All wells were inoculated with approximately 5×105 CFU ml−1 of each test strain. After overnight incubation at 37°C, the MICs were visually recorded. Negative controls were prepared with MHB containing DMSO at the same concentrations as the extract.




2.7 Assessment of the antibiofilm activity of the crude biosurfactant against A. baumannii



2.7.1 Effect of the crude biosurfactant on bacterial adherence and biofilm formation

The ability of clinical strains to form biofilm was assayed using a crystal violet stain as described by Amer et al. (2021). Briefly, overnight cultures of A. baumannii strains adjusted to a count of 1.5 x 108 CFU/ml were diluted 1:50 in LB broth supplemented by 1% (w/v) glucose. Then 200 µl of the dilute cultures were inoculated into a 96-well flat-bottomed polystyrene microtiter plate (Greiner Bio One, Germany) The plates were incubated in static conditions for 24 h at 37°C. Following incubation, the planktonic microbial growth was then measured at a wavelength of 600 nm (ODgrowthPlanktonic) using an ELISA plate reader (Stat Fax®2100) Awareness Technology (Palm City, FA, USA). The wells were then washed three times with phosphate-buffered saline (PBS, pH=7.4) to remove unadhered or loosely adhered cells. After air drying, biofilms were stained with 0.1% (w/v) crystal violet (CV) solution for 15 min. The plates were then washed with water to rinse off the excess stain. The CV stain bound to the adherent cells was then solubilized by 33% glacial acetic acid and the biofilm biomass was quantified colorimetrically (ODCV Biofilm) at 570 nm. To reduce background signals, a blank containing an uninoculated medium was included and measured (ODgrowth Blank and ODCV Blank). The biofilm index (BFI) of each clinical strain was calculated using the following equation:

	

Isolates were classified into non-adherent, weak, moderate, and strong biofilm-forming isolates according to the semiquantitative classification of biofilm production as described by Naves et al. (2008). The effect of the crude biosurfactant on biofilm formation by A. baumannii was tested as described by Amer et al. (2021). A volume of 100 µl of the diluted culture was inoculated into a 96-well flat-bottomed polystyrene microtiter plate (Greiner Bio-one®, Germany) containing equal volumes of the crude biosurfactant at concentrations equivalent to the MIC, reaching a final concentration of 0.5X MIC. Negative controls containing DMSO at the same final concentrations as in the crude biosurfactant (control) were also included. Biofilm was stained by crystal violet and BFI was determined. The antibiofilm activity of the crude biosurfactant was expressed as percentage biofilm inhibition (%BI) that was calculated according to the following formula:

	

Where BFI (test) and BFI (control) are the BFIs of each strain in the presence and absence of the crude biosurfactant, respectively.




2.7.2 Effect of the crude biosurfactant on established biofilms

The efficacy of the crude biosurfactant in eradicating established biofilms was assessed using the method, with slight modifications, described by Lemos et al. (2018). First, 100 µl of overnight cultures of A. baumannii adjusted to 106 cells/ml in LBG were transferred to 96-well microtiter plates to form biofilms (Lemos et al., 2018). After overnight incubation in static conditions at 37°C, planktonic cells were delicately removed, and the wells were washed three times with PBS. The adherent cells remaining in the wells were then treated with 200 µl of the crude biosurfactant at concentrations equivalent to MIC. Wells treated with DMSO at the same final concentrations as in the crude biosurfactant served as control. The plates were incubated at 37°C for an additional 24 h, after which the supernatants were removed, and wells were washed three times using PBS. The residual biofilms were quantified using two methods, namely, crystal violet staining as described in section 2.7.1 and viable count assays as described by Ziemyte et al. (2020). Using the crystal violet staining method, the biofilm eradication percentage was calculated using the following formula (Patel et al, 2021):

	

Where ODCV Control is the absorbance reading of control; ODCV Test is the absorbance reading of biosurfactant treated biofilm.

To determine the number of viable biofilm-embedded bacteria after treatment with the crude biosurfactant, the wells were filled with 200 µl PBS and adherent cells were detached by sonication for 5 min. The viable count was determined using the drop plate method as described by Herigstad et al. (2001). Tenfold serial dilutions were prepared and 10 µl were plated onto MacConkey agar plates in triplicates, and incubated at 37°C for 24 h. The biofilm eradication percentage was expressed as a log10 reduction of the viable count in the biofilms treated by the crude biosurfactant compared to the negative control (Amer et al., 2022).





2.8 Evaluation of the antibiofilm effect of crude biosurfactant on central venous catheters (CVCs) in vitro

The catheter model was performed with a triple-lumen polyurethane CVC (Amecath® Ref. No. CTLC-0720-KGSN, Ameco Medical Industries, Egypt). In this model, the biosurfactant-impregnated CVC was challenged by the A. baumannii strain (M02) that showed the highest capacity for biofilm formation.



2.8.1 Preparation of the biosurfactant-impregnated CVC

The CVC was divided into 1-cm-long segments. Each was impregnated with the crude biosurfactant at a final concentration of 0.5X MIC (0.78 mg/ml) and kept at room temperature for 24 h (Amer et al., 2022). The catheters were then air-dried to restore their original size. Control segments were impregnated with DMSO at the same concentration used in the test.




2.8.2 Antibiofilm assay

The inhibitory effect of the crude biosurfactant on the ability of A. baumannii M02 (strong biofilm-forming isolate) to form biofilm on the CVC was evaluated according to the method, with slight modifications, described by Raad et al. (2012). First, the biosurfactant-impregnated and the control segments of the CVC were conditioned by plasma from a human volunteer (one of the authors). For this purpose, all CVC segments were placed in a sterile 12-well culture plate containing 2 ml of human plasma and incubated for 24 h at 37°C. The plasma was then replaced by LBG inoculated by ~1X106 CFU/ml of the test strain and the plate was incubated at 37°C for an additional 24 h. After incubation, the catheter sections were gently washed with sterile PBS to remove the non-adhered planktonic cells. The biofilms formed on the control and the biosurfactant-impregnated CVC segments were quantified by crystal violet staining and the viable count assay as described by Amer et al. (2022). For a detachment of the biofilm-embedded cells to determine the remaining viable bacteria on the catheter surface, CVC segments were sonicated in 1 ml PBS for 15 min, followed by 5 min vortexing. Aliquots of PBS were used for viable bacterial counting.




2.8.3 Scanning electron microscope analysis of biofilms on CVC

The efficacy of the CVC biosurfactant-impregnation against A. baumannii M02 biofilm was further confirmed through scanning electron microscope (SEM) analysis. Biofilms of A. baumannii M02 were allowed to develop on the biosurfactant-impregnated and the control CVC segments, as described in the antibiofilm assay. The segments were washed with PBS and then fixed using 2.5% glutaraldehyde. This was followed by gradual dehydration using increasing concentrations of 20, 40, 60, 80, and 100% ethanol. The dehydrated samples were plated by gold sputter for examination under SEM (Quanta™ 250 FEG, Thermo Fischer Scientific; New Hampshire, USA) (Yassin et al., 2019).





2.9 Cytotoxicity assay of the biosurfactant crude extract

The cytotoxicity assay of the crude biosurfactant extract was adapted from the ISO 10993-5 protocol. The assay was carried out using healthy human skin fibroblast cells obtained from Nawah Scientific Inc. (ATCC CCL-75) (Hou et al., 2020; Ivanova et al., 2021).

The biosurfactant crude extract was embedded in serum-free Dulbecco’s Modified Eagle Medium (DMEM) overnight at 37°C. At the same time, the human fibroblast cell line was cultured in DMEM supplemented with 10% v/v fetal bovine serum (FBS) and 1% w/v penicillin−streptomycin for 24 h at 37°C, 5% v/v CO2.

After achieving the confluence, 100 µl of the cell suspension (5X103 cells/ml) was seeded in each well of the 96-well plate. Then, the cells were incubated overnight in a humidified atmosphere (>90% humidity) with 5% CO2 at 37°C. Cells were treated with another aliquot of 100 μl media containing biosurfactant extract at various concentrations. After 72 h of treatment, cells were fixed by replacing media with 150 μl of 10% trichloroacetic acid (TCA) and incubated at 4°C for 1 h. The TCA solution was removed, and the cells were washed 5 times with PBS. The viability of the cells was evaluated using sulforhodamine B (SRB) (0.4% w/v) assay as described by Allam et al. (2018), and color intensity was measured at wavelength 540 nm. The percentage of cell viability was calculated using the following formula: Viability (%) =

	




2.10 Ex vivo hemolysis assay of the biosurfactant crude extract

The ex vivo hemolysis assay was conducted according to the method, with some modifications, described by Zhou et al. (2017). Briefly, freshly collected human red blood cells (RBCs) were centrifuged for 10 min at 2500 rpm, then washed three times and diluted to a final concentration of 5% v/v in sterile PBS (pH 7.4). Afterward, 500 µl of the diluted RBCs were added to 500 µl of crude biosurfactant extract at a final concentration of 0.5X MIC (0.78 mg/ml). Triton X-100 (0.1% in PBS), which can lyse RBCs completely, was used as the positive control while PBS buffer was used as the negative control. Shaking and incubation of samples at 37°C for 1 h was done and then samples were centrifuged again at 2500 rpm for 15 min. The supernatant was collected and transferred to wells of a microtiter plate, and its optical density was recorded by an ELISA plate reader at 545 nm. Sterile PBS (pH 7.4) was used as a blank. The same test was repeated with the addition of biosurfactant and DMSO-impregnated catheter to diluted RBCs. The hemolysis percentage was estimated using the following equation:

	

where As, An, and Ap are the absorbances of the sample, negative, and positive controls, respectively. The assay was calculated as the mean ± standard deviation of three replicates.




2.11 Gas chromatography-mass spectrophotometry analysis

Five milligrams of the extract dry weight was mixed with 120 µl silylating agent (N,O- Bis (tert-butyl dimethyl silyl) acetamide and incubated at 60°C for 30 minutes and analyzed by gas chromatography. The GC apparatus (Shimadzu®, Kyoto, Japan) coupled with a QP2010 Rtx-5MS was used to identify the structural analog of the crude biosurfactant. Helium was employed as a carrier gas, and a total of 10 µl of the sample was added to the apparatus. The runtime was 45 minutes with a flow rate of 1.24 ml/min. The oven was maintained at a temperature ranging from 60 to 260°C. The data were processed by matching the mass spectra and retention indices of peaks with references to retention index and mass spectra from the National Institute of Standards and Technology (NIST) library.




2.12 Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0.0 for Windows (GraphPad Software Inc., CA, USA). Independent samples t-test and two-way ANOVA (analysis of variance) were employed to analyze the statistical differences between crude biosurfactant and DMSO-treated cultures, where p<0.05 was considered to be statistically significant.





3 Results



3.1 Screening for biosurfactant-producing endophytic bacteria

In all, 10 plant samples were collected throughout the study period from different locations along the banks of the River Nile. A total of 44 bacterial endophytes were isolated from these plants. The plant species, their sites of collection, and the morphology of the isolates recovered from each plant are listed in Supplementary Table 1. CFSs of all endophytes were screened for their biosurfactant activity via different qualitative and quantitative assays. Of all endophytes that showed a positive drop collapse test, the CFS of an endophyte coded “Cp24” showed the highest biosurfactant activity. It produced a clear zone of 74 mm diameter in the oil dispersion assay and an %EI24 of 60 ± 2.5. Cp24 was isolated from the leaf of Cyperus papyrus collected from the Pharaonic Village in Cairo (29.9973° N, 31.2148° E). The growth of Cp24 from the leaf fragments of C. papyrus on TSA plates is shown in Figure 1.




Figure 1 | Growth of the endophytic isolates CP24 from the leaf fragments of C. papyrus.






3.2 Identification of endophytic isolate-producing biosurfactant

The endophytic isolate Cp24 grew on TSA plates as rough, opaque, fuzzy yellow to slightly orange colonies with jagged edges. Under a light microscope, it appeared as Gram-positive rods arranged in chains. The nucleotide sequence of the 16S rRNA gene carried by Cp24 showed the highest similarity to the corresponding gene of strain B. amyloliquefaciens HY-5 (GenBank accession: KY886133.1; percent similarity: 97.68%). A phylogenetic tree based on the 16S rRNA sequence of Cp24 and highly similar strains retrieved from the NCBI database showed that Cp24 was clustered with the same strain (Figure 2). Accordingly, Cp24 was tentatively identified as B. amyloliquefaciens.




Figure 2 | Evolutionary relationships between B. amyloliquefaciens Cp24 and highly similar strains. The phylogenetic tree was constructed by the maximum parsimony method (1000 replicates).






3.3 Antibacterial activity of the crude biosurfactant against A. baumannii isolates

The crude biosurfactant extract of Cp24 (50 mg/ml) displayed considerable antibacterial activity against four MDR and XDR A. baumannii isolates in addition to the standard strain (ATCC® 19606). The MIC values of the crude biosurfactant in the tested strains ranged from 0.78 to 1.56 mg/ml, as shown in Table 2.


Table 2 | MICs of the crude biosurfactant produced by Cp24 against A. baumannii strains.






3.4 Sub-MIC concentration of crude biosurfactant extract significantly inhibits A. baumannii biofilm formation

All tested A. baumannii isolates and the standard strain displayed strong biofilm-forming capacity, with BFI ranging from 1.25 to 2.2. The antibiofilm potential of B. amyloliquefaciens Cp24 crude biosurfactant was determined by its ability to impair the biofilm formation of the tested strains and inhibit their adhesion ability to the surface without any effect on their growth. Our results showed that the B. amyloliquefaciens Cp24 crude biosurfactant efficiently inhibited biofilm formation of all the tested strains at half of its MIC. At this concentration, the biofilm formation among all the treated A. baumannii isolates was significantly inhibited (p-value<0.0001), with the percentage of inhibition ranging from 71.6 to 89.59% (Figure 3).




Figure 3 | Quantification of the inhibitory effect of B. amyloliquefaciens crude biosurfactant on biofilms formation of A. baumannii isolates using crystal violet assay, showing the average reduction percentage of biofilm formation of A. baumannii isolates treated with 0.5X MIC of the crude biosurfactant Cp24 extract. Data represent the mean of at least three biological replicates, and error bars show the standard deviation.






3.5 Eradication effect of biosurfactant crude extract on established biofilm of A. baumannii

The antibiofilm potential of B. amyloliquefaciens Cp24 crude biosurfactant was further determined by its ability to impair the preformed biofilms of the tested strains. Our results showed that the B. amyloliquefaciens Cp24 crude biosurfactant efficiently disrupted the preformed biofilms. At the MIC concentrations, the eradication of the preformed biofilms by the B. amyloliquefaciens Cp24 crude biosurfactant ranged from 44.6% to 87.3% among all the tested strains (Figure 4).




Figure 4 | Quantification of the inhibitory effect of B. amyloliquefaciens crude biosurfactant on biofilms eradication of A. baumannii isolates using crystal violet assay, showing the average biofilm eradication percentage of established biofilms A. baumannii isolates. Data represent the mean of at least three biological replicates, and error bars show the standard deviation.






3.6 B. amyloliquefaciens CVCs impregnated with crude biosurfactant have a significant in vitro antibiofilm activity against A. baumannii

Catheter impregnated with 0.5X MIC of the crude biosurfactant extract caused a significant reduction in the biofilm by three log10 cycles for the clinical isolate M02. The obtained results revealed that the viability of A. baumannii isolates M02 embedded in the biofilm were remarkably reduced upon coating by the Cp24 crude biosurfactant (Figure 5). The results obtained from the biofilm biomass quantification assay revealed that the impregnated CVCs caused a 43% reduction in biofilm formation.




Figure 5 | Quantification of the reduction in A. baumannii biofilm on crude biosurfactant extract (Cp24) impregnated CVCs compared to DMSO control. The percentage reduction in biofilm biomass was measured by crystal violet assay. The reduction in adhered viable bacterial counts of A. baumannii isolate M02 was measured by the drop plate method after 24 h of incubation. Data are represented as median with interquartile range and statistical difference was determined by student’s t-test, where statistical significance is represented by **p< 0.01.






3.7 SEM analysis revealed obvious antibiofilm activity of the impregnated CVC with the crude biosurfactant

The inhibition of biofilm formation on the impregnated CVC with the crude biosurfactant was confirmed by visualization using SEM analysis. A. baumannii growing on the control CVC surface showed higher bacterial cell density, while impregnated CVC showed scattered aggregation of fewer cells than the control (Figure 6).




Figure 6 | Microscopic visualization of biofilm formation by A. baumannii isolate M02 on CVC segments using scanning electron microscope (SEM). Biofilm formation on the catheter treated by impregnation with 0.5X MIC (0.78 mg/ml) of the crude biosurfactant extract (Cp24) was compared to the control DMSO-treated catheter. Visualization using SEM was done at magnifications of (A) 10,000 X and (B) 20,000 X.






3.8 Cytotoxicity assay for biosurfactant crude extract

No substantial change was observed in the viability of skin fibroblast cells at sub-MIC concentrations of the crude biosurfactant extract when compared to the untreated control cells. The viability of fibroblast cells at the concentration used in catheter impregnation (0.78 mg/ml) was more than 90% (Figure 7).




Figure 7 | Cytotoxicity assay on human fibroblast cells after 24 h exposure to the nutrient medium interacting with serial dilutions of biosurfactant crude extract (0.05-0.8 mg/ml). Cytotoxicity was tested by sulforhodamine B (SRB) (0.4% w/v) and represented as the percentage of remaining viable cells after applying the treatment.






3.9 Ex vivo hemolysis assay of the biosurfactant crude extract

The potential hemolytic activity induced by the crude biosurfactant of B. amyloliquefaciens Cp24 was investigated as an indication of ex vivo blood biocompatibility. The Triton X 100 was used as a positive control and turned red color due to hemolysis, resulting in the release of hemoglobin (Hb) from the red blood cells (RBCs), whereas the negative control (PBS solutions) did not show visible hemolysis. Crude biosurfactant at a concentration of 0.78 mg/ml showed hemolysis of 6.6%. However, impregnated catheter with an equivalent concentration (0.78 mg/ml) caused a lower hemolytic effect, of 2.3%.




3.10 Gas Chromatography-Mass Spectrometry (GC–MS) Analysis

The analytical technique GC–MS consists of gas chromatography coupled with mass spectroscopy and it was used for the detection of various compounds present in the B. amyloliquefaciens Cp24 crude biosurfactant. The GC–MS chromatogram showed different peaks, indicating the presence of different compounds (Figure 8). Major peak compounds at the respective retention time were identified from the standard library compound, and are shown in Table 3.




Figure 8 | GC–MS analysis of the crude biosurfactants derived from B. amyloliquefaciens Cp24 endophyte. Identified compounds: (A) D-(-)-Lactic acid; (B) Benzoic acid (C) Benzeneacetic acid; (D) 2-(2-butynyl) Cyclohexanone; (E) cis-13-Eicosenoic acid; (F) 1-Tetradecanol; (G) dl-Alanyl-l-leucine; (H) [Cyclo (D-Leu-L-Pro)]; (I) 1-Eicosanol, (J) 2,6,10-Trimethyltetradecane (Farnesan); (K) 7-Ethyl-4,6-heptadecandione;(L) [Cyclo(Leu-Leu)]; (M) n-Hexadecanoic acid; (N) 9,12-Octadecadienoic acid; (O) cis-Vaccenic acid; (P) cis- (Epoxyoleic acid); (Q) 3-Benzyl-hexahydro-pyrrolo[1, 2-a]pyrazine-1,4-dione; (R) Erucic acid.




Table 3 | Major constituents of the crude biosurfactants of B. amyloliquefaciens Cp24 endophyte using GC–MS.







4 Discussion

In the present study, we aimed to screen the antibiofilm activity of endophytes that produce biosurfactants against multidrug-resistant A. baumannii isolates through the collection of plant samples along the banks of the River Nile. From 10 collected plant samples, a total of 44 bacterial cultures were isolated and screened for biosurfactant activity. Endophytic isolate Cp24, isolated from Cyperus papyrus, showed strong and instant biosurfactant activity and was selected for further study. Cyperus papyrus, commonly named papyrus and used by Ancient Egyptians as a writing surface, belongs to the Cyperaceae family and is one of the plants that are widespread in the African subtropical and tropical wetlands (Mburu et al., 2015). Little scientific studies are available on this plant and its associated endophytes.

Endophytic isolate Cp24 was further identified using 16s rRNA sequencing and found to be Bacillus amyloliquefaciens. Endophytic B. amyloliquefaciens is a well-known endophyte that has been used for biological control against crop diseases and insect pests. It is found to be a safe microorganism with proven excellence in plant colonization (Liu et al., 2017). Previous studies showed the antimicrobial activity of B. amyloliquefaciens through the production of secondary metabolites, such as low-molecular-weight lipopeptides, polyenes, phospholipids, amino acids, nucleic acids, and polyketides, as well as antimicrobial proteins (Koumoutsi et al., 2004;  Luo et al., 2022).

We tested the effect of the produced biosurfactant against A.baumanni, which is the causative agent for many serious infections, including endocarditis, meningitis, necrotizing fasciitis, sepsis, urinary tract infections, skin and/or soft tissue infections, and pneumonia. Its ability to survive is significantly increased by the creation of biofilms, which also renders them resistant to desiccation and antimicrobial treatment. Microbial adherence to biotic and abiotic surfaces such as catheters, ventilators, or even gloves promotes the spread of the infection from one individual to another (Vijayashree Priyadharsini et al., 2018). In the current study, the crude biosurfactant of B. amyloliquefaciens Cp24 showed considerable antibacterial effects against all the tested A. baumannii bacterial strains with MIC ranging from 0.78 to 1.56 mg/ml. Similarly, the antimicrobial activity of several biosurfactants has been previously reported (Gomaa, 2013; De Giani et al., 2021). Moreover, reports suggest that biosurfactants can prevent the growth of biofilms and microbial adherence without exhibiting antibacterial action (Tahmourespour et al., 2011; Hamza et al., 2017). The Cp24 crude biosurfactant was also tested for its antibiofilm activity against both biofilm formation and eradication of established biofilms. The antibiofilm activity against all A. baumannii isolates reached up to 71.6-89.59% at 0.5X MIC (p-value<0.01). Additionally, it successfully eradicated the preformed A. baumannii biofilms with a range of 44.6% to 87.3% among all the tested strains. Although the particular mechanisms underlying the antibiofilm activity of biosurfactants are not yet fully known, biosurfactants may impact the interactions between microorganisms and surfaces in several ways, including (1) modifying the surface’s physicochemical characteristics, such as surface energy, hydrophobicity, and surface charge, which lessens microbial adhesion (Giri et al., 2019); (2) downregulating the biofilm-related gene expression (Ohadi et al., 2020); (3) rendering the biofilms more soluble, which favors bacterial detachment (e Silva et al., 2017); and (4) decreasing biofilm formation through the interference with quorum sensing (Paraszkiewicz et al., 2021).

Numerous studies have shown that the previous coating of catheter surfaces with biosurfactants (surface conditioning) reduced microbial adhesion and colonization (Falagas and Makris, 2009; Janek et al., 2018). Therefore, our study also aimed to investigate the in vitro antibiofilm efficacy of CVC impregnated with a crude biosurfactant. Applying biosurfactants for catheter treatment reduced biofilm formation by 43%, whereas a previous study by Janek et al. (2018) showed a reduction in adherence by 70% for weak biofilm-forming Escherichia coli. The extracted biosurfactant reduced the number of viable cells adhering to CVCs by three log10 cycles, whereas previous studies on biosurfactant-coated catheters showed a reduction in the viable count by one log10 (Rodrigues et al., 2004). In addition to their ability to reduce biofilm formation, the crude biosurfactant exhibited, at its sub-MICs, no cytotoxic effect on human cell lines nor hemolytic activity against human blood, which makes it safe for use. The cytocompatibility and safety of biosurfactants have been reported in previous studies (Rodrigues, 2011; Gupta et al., 2017).

The GC-MS analysis of the Cp24 crude biosurfactant revealed the presence of 19 compounds. The nature of the majority of detected compounds was the fatty acids and peptides components of the lipopeptide biosurfactant, which conforms with the previously identified nature of B. amyloliquefaciens biosurfactants as a lipopeptide surfactant (Sarwar et al., 2018; Wu et al., 2022). The complex nature of biosurfactants and their mosaic distribution of polarity, as well as branched or circular structures, give them remarkable physical properties compared to synthetic surfactants. Therefore, biosurfactants, such as surfactin, with their cyclic nature and dynamic surface properties can combine densely at the interface, increasing their surface activity and providing them with properties that make them suitable for many potential applications (Otzen, 2017).

Cyclic peptides detected in the Cp24 extract have been detected as products by many Bacillus sp. and have been reported for many potential applications in the agricultural, pharmaceutical, and biotechnology industries due to their dynamic surface properties (Sarwar et al., 2018). Previous studies showed that the diketopiperazines (DKPs) cyclopeptides ((Cyclo(Leu-Pro) and Cyclo (Leu-Leu)), similar to those detected in our extract, inhibit quorum sensing mechanisms and biofilm formation by various microorganisms, such as soft rot-causing pathogen Lelliottia amnigena RCE and P.aeruginosa (Rashiya et al., 2021; Kachhadia et al., 2022). Additionally, the presence of nitrogen atoms in DKPs makes them physiologically more stable compared to their counterpart lactones (Almohaywi et al., 2019).

There are three primary FA groups produced by Bacillus species: branched-chain FAs, straight-chain FAs, and complex FA types, such as cyclic, hydroxyl, or epoxy FAs. The fatty acid (FA) composition of bacterial cells differs depending on the species, and, as an adaptation to environmental changes is crucial for bacterial growth, the FA composition of the cell’s membrane fluctuates according to the environment. The crude biosurfactant extract is composed of a mixture of fatty acids with a range of short-chain fatty acids (Lactic acid) to long-chain fatty acids, varying from C16 to C22 saturated (cis-13-eicosenoic acid and n-hexadecanoic acid) and unsaturated fatty acids (9,12-octadecadienoic acid, cis-vaccenic acid, and erucic acid). In addition, it also contained epoxy oleic acid. Previous studies showed that some Bacillus species are capable of producing epoxy FAs, which are FAs with one or two epoxy groups with antibacterial capabilities (Diomandé et al., 2015). Unsaturated fatty acids, such as cis-9-hexadecenoic acid and cis-9-tetradecenoic acid, were reported to inhibit the quorum sensing system and subsequently reduce the biofilm formation and suppress motility in V. cholerae and A. baumannii ATCC 17978 (Nicol et al., 2018). Previous studies revealed that fatty acids and their derivatives reduced the virulence characteristics of Chromobacterium violaceum (Santhakumari et al., 2017) and Vibrio Sp. (Pérez-López et al., 2018). Higher molecular-weight biosurfactants displayed higher emulsification activity, according to a study by Martins and Martins (2018).

The compound 3-Benzyl-hexahydro-pyrrolo[1, 2-a]pyrazine-1,4-dione represents 19% of the Cp24 extract component and it was previously identified in Exiguobacterium indicum SJ16 extract isolated from the rhizosphere of Cyperus laevigatus. It showed significant quorum sensing inhibition against the reference Chromobacterium violaceum CV026 strain and also inhibited the biofilm formation of P. aeruginosa (Singh et al., 2019).




5 Conclusion

In conclusion, this study demonstrates that impregnating catheters with crude biosurfactant of endophytic B. amyloliquefaciens strain Cp24 effectively reduces biofilm formation of A. baumannii, a multidrug-resistant bacterium that belongs to global clones and has a strong biofilm-forming capacity. An additional advantage is the safety of this compound on human cell lines and its reduced hemolysis activity. GC-MS analysis confirmed the production of lipopeptides with cyclic peptide moiety providing them with dynamic surface properties that increased their surface activity. In addition, the presence of long-chain and epoxy-type fatty acids was observed, which reduced virulence factors and exhibited quorum sensing inhibition activity, therefore reducing biofilm formation. Further studies should evaluate this approach by in vivo analysis via long-term catheterization in animal models and study the possible synergistic activity of these fatty acids with other antivirulence compounds to increase their activity.
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16S rRNA

Primer forward
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Primer reverse
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Reference
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Alloy

CoCrMo

CoCrMo TiN

CoCrMo polished
CoCrMo porous coated
CoCrMo cpTi

CoCrMo TCP

Proteins [ug/ml]

mean [min; max]
(n=42)

124.56 [68.10; 214.10]
97.55 [55.40; 148.60]
96.57 [41.80; 179.40]
225,33 [64.40; 301.70]
202.87 [121.20; 269.70]
240.08 [153.10: 455.60]

S. aureus

Polysaccharides [pg/ml]

SD mean [min; max] SD
(n=44)

34.89 4.46 [3.47, 7.74) 091
28.12 4.15[3.27; 5.82] 0.71
30.8 4.15[3.3; 6.75) 08
4188 4.89[3.77; 6.73] 0.78
35.5 5.69 [4.17; 9.01] 15
58.6 5.24 [3.95: 8.53] 114

S. epidermidis

Proteins [pg/ml] Polysaccharides [pg/ml]

mean [min; max] SD mean [min; max] SD
(n=42) (n=44)
101.95 [36.5; 203.5] 34.78 4.23[3.25; 6.47] 0.75
77.65 [26.7; 162.4] 3212 4.11[3.15;7.13] 0.78
76.43 [31; 145.6] 30.22 4.12[3.25; 7;50] 0.87
207.32 [149; 275.5] 35.68 5.59[3.77; 29.57] 3.88
190.23 [116.1;341.1] 4279  6.21[3.76; 22.69] 3.06
215.51 [113.3: 356.6]  56.42 5.27 [3.67: 8.51] 1.19
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Alloy 1 Alloy 2 S. aureus S. epidermidis

Proteins Polysaccharides Proteins Polysaccharides

p-value  adj. p-value p-value adj. p-value p-value adj. p-value p-value adj. p-value

CoCrMo CoCrMo TiN 0.005 0.074 0.036 0.539 0.011 0.162 0.255 1.000
CoCrMo CoCrMo polished 0.004 0.058 0.012 0.178 0.006 0.086 0.212 1.000
CoCrMo CoCrMo porous coated 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000
CoCrMo CoCrMo cpTi 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CoCrMo CoCrMo TCP 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000
CoCrMo TiN CoCrMo polished 0.939 1.000 0.675 1.000 0.850 1.000 0912 1.000
CoCrMo TiN CoCrMo porous coated 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
CoCrMo TiN CoCrMo cpTi 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CoCrMo TiN CoCrMo TCP 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CoCrMo polished CoCrMo porous coated 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CoCrMo polished CoCrMo cpTi 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CoCrMo polished CoCrMo TCP 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CoCrMo porous coated ~ CoCrMo cpTi 0.042 0.632 0.006 0.086 0.076 1.000 0.004 0.055
CoCrMo porous coated ~ CoCrMo TCP 0.806 1.000 0.199 1.000 0.995 1.000 0.270 1.000
CoCrMo cpTi CoCrMo TCP 0.023 0.341 0.139 1.000 0.077 1.000 0.072 1.000

P-values (Kruskal-Wallis test); adjusted p-values (Bonferroni correction for the Kruskal-Wallis test of multiple comparisons; a = 5%); smooth surfaces (CoCrMo, CoCrMo TiN, CoCrMo

polished) underiaid in light blue; rough surfaces (CoCrMo porous coated, CoCrMo cpTi, CoCrMo TCP) underiaid in gray; p < 0.05 also marked in green.
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* Positive control of bacteria in media containing DMSO in concentrations equivalent to their final concentration in drug solution.
fincrease production compared to control.
Jlower production compared to control.
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Compound

no.

RT

Compound name

Molecular
Formula

1 6.29 143 D-(-)-Lactic acid CeH 1403 Short-chain fatty acid

2 8.83 0.69 Benzoic acid C;Hs0, Aromatic carboxylic acid

3 10.64 13 Benzeneacetic acid CH;0, Organic Acid

4 11.65 0.24 2-(2-butynyl) Cyclohexanone CyoH140 Cyclic ketone

5 18.98 0.28 cis-13-Eicosenoic acid CyH330, Long-chain saturated fatty acid

6 20.88 0.76 1-Tetradecanol C14H300 Long-chain fatty alcohol

7 21.75 0.79 dl-Alanyl-l-leucine CyH;3N,05 Dipeptide

8 2253 551 Cydlo (D-Leu-L-Pro) CH N0, | Cydlic dipeptide
3-Isobutylhexahydropyrrolo
[1,2-a]pyrazine-1,4-dione

9 2331 0.46 1-Eicosanol CyHs20 Long-chain fatty alcohol

10 23.52 031 2,6,10-Trimethyltetradecane Cy7Hse Acyclic farnesane sesquiterpenoids (Branched
(Farnesan) alkanes)

1 23.95 138 7-Ethyl-4,6-heptadecandione CioH30, Fatty Acyl

12 255 0.95 Cyclo(Leu-Leu) C12H22N,0, Cyclic dipeptide
2,5-Piperazinedione, 3,6-bis(2-methylpropyl)-

13 26.62 552 n-Hexadecanoic acid C16H3,0, Long-chain saturated fatty acids, surfactant

14 29.65 6.15 9,12-Octadecadienoic acid Cy5H3,0, Long-chain unsaturated fatty acid
(alpha-Linoleic acid)

15 29.8 106 cis-Vaccenic acid Ci5H340, Long-chain monounsaturated fatty acid

16 30.01 1.79 Cyclo(Leu-Pro) CH;sN,0, | Cydlic dipeptide
Pyrrolo[1,2-a] pyrazine-1,4-dione,hexahydro-3-(2
methylpropyl)

17 31.02 144 Oxiraneoctanoic acid, 3-octyl-, cis- (Epoxyoleic acid) Cy5H3405 Epoxy fatty acid

18 32.56 19.53 3-Benzyl-hexahydro-pyrrolo[1, 2-a] pyrazine-1,4-dione C14H1gN>0, | Organonitrogen compound

19 36.27 244 Erucic acid CyHyn0, Monounsaturated very long-chain fatty acid
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Bacterial Strain

MIC of Cp24 crude biosurfactant

extract (mg/ml)

A. baumannii isolate M02
A. baumannii isolate M03
A. baumannii isolate M04
A. baumannii isolate M15

A. baumannii standard strain
(ATCC® 19606)

0.78

0.78
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Isolate number Specimen STPes ST GC
Mo2 Wound swab XDR 85 1089 9
Mo3 Blood XDR 13 2246 7
Mo4 Sputum XDR 2 1816/195 2
Mi15 Wound swab MDR 1 1604/231 1

XDR, extensive drug resistance; MDR, multidrug resistance; ST"*, sequence type based on Pasteur scheme; ST, sequence type according to Oxford scheme; GC, global clone.
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+Chl+450 nm vs +Chl-450 nm and -PS-450 nm p<0.0001

+RF+450 nm vs -RF+450 nm p<0.05; +RF+450 nm vs -PS-450 nm p>0.05 (ns*)
-PS+450 nm vs -PS-450 nm p<0.001

* - non-significant
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Biofilm formation ability Strong (n = 80) Moderate (n = 82) Weak (n = 35)

Antibiotics R No. (%) INo. (%) S No. (%) RNo. (%) INo. (%) SNo. (%) RNo. (%) INo. (%) SNo. (%)
Piperacillin 56 (70) 17 (21.25) 7 (8.75) 36 (43.9) 18 (21.95) 28 (34.15) 6 (17.14) 15 (42.86) 14 (40)
Piperacillin-tazobactam 29 (36.25) 38 (47.5) 13 (16.25) 24 (29.27) 21(25.61) 37(45.12) 4 (11.43) 14 (40) 17(48.57)
Ceftazidime 80 (100) - — 82 (100) — — 34 (97.14) — 1(2.86)
Cefepime 80 (100) = 78 (95.12) 4 (4.88) = 30 (85.71) 3(8.57) 2 (5.72)
Imipenem 80 (100) - - 82 (100) - - 34 (97.14) - 1(2.86)
Meropenem 80 (100) - - 82 (100) - - 33 (94.29) - 2 (5.71)
Aztreonam 80 (100) - - 82 (100) - - 35 (100) - -
Gentamicin 74 (92.5) 5(6.25) 1(1.25) 70 (85.37) 8(9.75) 4 (4.88) 30 (85.72) 3(8.57) 2(571)
Amikacin 67 (83.75) 10 (12.5) 3(3.75) 64 (78.05) 13 (15.85) 5(6.1) 23 (65.71) 8 (22.86) 4 (11.43)
Minocycline = = 80(100) = = 82(100) ~ = 35(100)
Doxycycline - 2(25) 78 (97.5) 1(1.22) 4 (4.88) 77 (93.9) - 1 (2.86) 34 (97.14)
Tetracycline 69 (86.25) 8 (10) 3(375) 79 (96.34) 3 (3.66) —: 30 (85.71) 3(8.57) 2(572)
Tigecycline 10 (12.5) 44 (55) 26 (32.5) 17 (20.73) 37 (45.12) 28 (34.15) 3(8.58) 16 (45.71) 16 (45.71)
Ciprofloxacin 18 (22.5) 25 (31.25) 37 (46.25) 28 (34.15) 19 (23.17) 35 (42.68) 7 (20) 5(14.29) 23 (65.71)
Levofloxacin 14 (17.5) - 66 (82.5) 21(25.61) 6(7.32) 55 (67.07) 4(11.43) 2 (5.71) 29 (82.86)
Trimethoprim- 80 (100) - - 80(97.56) - 2 (2.44) 35(100) — -
sulfamethoxazole

Rifampin 3 (3.75) 1(1.25) 76 (95) 6(7.32) 1(1.22) 75 (91.46) - 1(2.86) 34 (97.14)
Vancomycin 31 (38.75) 48 (60) 1(1.25) 12 (14.63) 70 (85.37) = 7 (20) 28 (80) =
Chloramphenicol 37 (46.25) 37 (46.25) 6(7.5) 53 (64.63) 27 (32.93) 2 (2.44) 23 (65.71) 9 (25.72) 3 (857)

R, resistant; S, susceptible; I, intermediate resistant.
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Test group name

24h
+RF+450 nm 0
+Chl+450 nm 0.05 +0.01
-PS(+PBS)+450 nm 0
+RF-450 nm 071 £ 0.4
+Chl-450 nm 1.09 = 0.09
-PSs(+PBS)-450 nm 0.78 £ 0.57

Respective dark controls incubated with or without RF or Chl (+RF-450 nm, +Chl-450 nm and -PSs(+PBS)-450 nm are also indicated in the table.

ODgo change in time

48 h

0

0
0.01 + 0.01
191 + 0.04
1.82 +0.11
178 £ 0.1

72h

0

0
1.96 + 0.02
3.08 £ 0.34
272+ 051
2.87 +£0.29
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Test group name

+RF+440 nm
-RF+440 nm
-RF-440 nm
-RF-440 nm
+Chl+402 nm
-Chl+402 nm
+Chl-402 nm
-Chl-402 nm

Respective dark controls incubated with or without RF or Chl (+RF-440 nm, -RF-440 nm and +Chl-402 nm, -Chl-402 nm) are also indicated in the table.

24h

0.005 + 0.01

0.005 + 0.01
225 +0.55
2.14 £ 0.65

0.01

0.015 + 0.01
2.16 +0.62
2.95 +0.0.64

ODggo change in time

48 h

0.015 + 0.021
3.65 £ 0.91
3.75:+09

3.5 +0.70
0.01 +0.014
35+0.70
3.9 +0.69
4.15 £ 0.91

72h

3.55 + 0.07
4.25 + 0.55
3.75 £ 0.52
3.84 £ 0.62
352+ 0.11
4.07 £ 0.86
361 0.6
3.8 £0.57
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Time (min) Irradiation dose (J/cm®)

402 nm/440 nmlIrradiance 5 mW/cm? 402 nmlrradiance 20 mW/cm?* 440 nmlrradiance 25 mW/cm?
2 0.6 n n
5 1.5 n n
10 3 n n
15 4.5 n n
20 6 n n
25 75 n n
30 9 36 45
35 10.5 n n
15 135 n n
55 16.5 n n
60 n 72 90
65 19.5 n n
75 225 n n
90 27 108 135
120 36 144 180
150 n 180 n
180 n 216 n

n-was not used.
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Incubation time,
min

Incubation time,
min

15

6.8+
0.08*

10

7.67+
0.1*

Planktonic bacteria growth mode

-RF-440 nm * (CFU/mL)

35 55 75 9
6.9+ 6.6+ 0.1* 6.5+ 6.5+ 0.1%
0.07* 0.1*

-Chl-402 nm* (CFU/mL)

20 30 40 50
7.63+ 7.7+ 7.7+ 743+
0.3* 0.08* 0.2* 0.1*

120

6.5+ 0.05%

60

742+
0.02%

15

6.9+ 0.1%

10

7.58+
0.3*

+RF-440 nm* (CFU/mL)

35 55 75 9
6.8+ 0.1* 6.7+ 6.5+ 6.5+ 0.1*
0.03* 0.07*

+Chl -402 nm** (CFU/mL)
20 30 40 50
75+ 7.52% 7.23% 742+
0.2* 0.1* 0.2% 0.01*

* - +RF+440 nm vs -RF-440 and +RF-440 nm or +Chl+402 nm vs ~Chl-402 nm and +Chl-402 nm ANOVA test p value <0.05,
** _ dark control without RF or Chl, respectively; *** - dark control with RF or Chl, respectively; n — was not evaluated.

120

6.4% 0.07%

60

748+
0.07*
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Sessile (biofilm) growth mode

-RF-440 nm** (CFU/mL) +RF-440 nm*~ (CFU/mL)
Incubation time, min 30 60 90 120 30 60 90 120
82:+0.1% 82+ 0.1% 80 8.0 83 8.0 8.0 8.0
+03* +0.3* +0.14% +04% +0.3* £03%
-Chl-402 nm* (CFU/mL) -hV +Chl nm** (CFU/mL)
Incubation time, min 30 60 90 120 30 60 90 120
8.1:+0.1% 7.3 72 n 7.8 7.7 7.8 n
£0.3* +02¢ £02° +03* £02¢

* - +RF+440 nm vs -RF-440 and +RF-440 nm or +Chl+402 nm vs ~Chl-402 nm and +Chl-402 nm ANOVA test p value <0.05,
** _ dark control without RF or Chl, respectively; *** - dark control with RF or Chl, respectively; n - was not evaluated.
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