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Summary
Pseudomonas aeruginosa is a bacterial pathogen frequently implicated in recurring, antibiotic-resistant airway infections. Aerosolized treatments for lower respiratory tract infections should include fine droplets <5 µm in aerodynamic size that can effectively penetrate and deposit at distal sites within the lungs. An in vitro platform composed of a six-stage viable cascade impactor fitted with transwell inserts containing P. aeruginosa biofilms was used to model different sites of infection within the airways. Biofilms were subsequently exposed to size-fractioned droplets of nebulized bacteriophage (phage) or the fluroquinolone antibiotic ciprofloxacin. Exposure to phage, regardless of the dose delivered by size-fractioned droplets, resulted in significant reduction of free-floating and adherent bacteria as compared to negative control samples. Conversely, antibacterial efficacy of ciprofloxacin exhibited a strong dose dependence. Only biofilms that received the highest dose of ciprofloxacin of 2.5 µg, delivered by ≥7 μm sized droplets, exhibited significant reduction in viability as compared to negative control samples. The superior performance of phage may be attributed to its self-replicating nature, allowing for on-site amplification from repeated cycles of infection, propagation, host cell lysis, and progeny virion release. Lacking this characteristic, intervention with nebulized ciprofloxacin proved to be dose restrictive. This study demonstrates the promise of inhaled delivery of lytic phages for tackling persistent deep lung infections as compared to conventional antibiotics.
Key Message
Biofilms were exposed to aerosols containing anti-Pseudomonas phage or ciprofloxacin. Significant reduction in bacterial viability was noted 24-hrs after phage challenge despite dose differences. Conversely, only biofilms exposed to the highest dose of ciprofloxacin were significantly reduced. Self-replicating ability of phages offers a clear advantage as compared to dose-dependent antibiotics.
Introduction
Antimicrobial resistance (AMR) development in lower respiratory tract infections (LRTIs) was linked to 1.5 million deaths globally in 2019.1 The gram-negative bacterial pathogen, P. aeruginosa, was identified among the most common species implicated in AMR-related mortalities.1 Biofilm mode of growth, wherein bacteria reside within a hydrated exopolysaccharide matrix, allows P. aeruginosa to evade host immune surveillance, resist bactericidal agents, and establish chronic airway infections.2Bacteriophage (phage): Bacteria-specific virus
Biofilm: Protective matrix composed of secreted polysaccharides and embedded bacteria
Planktonic bacteria: Free-floating bacteria
Sessile bacteria: Surface-bound bacteria

Phages are bacterial viruses that exhibit targeted antibacterial activity, low inherent toxicity, and the capacity to self-propagate within host cells.3 In this work, we compared antibacterial efficacy of aerosolized phage with that of aerosolized ciprofloxacin against 24-hrs biofilm cultures of P. aeruginosa. Biofilms were placed within an impactor platform to model infection sites at varying depths within the airways. Bactericidal effects of nebulized phage and antibiotic were assessed 24-hrs post-exposure and discussed in relation to dose distribution.
Experimental Materials and Methods
Solutions. Tryptic soy broth (TSB), tryptic soy agar (TSA) media, and phosphate buffered saline (PBS) solution was prepared according to manufacturer’s instructions. Saline solution was 9 g/L of sodium chloride. Due to pH dependent solubility of ciprofloxacin (increased solubility at low pH)4, stock antibiotic solution (10 mg/mL) was prepared by dissolving 1 g of ciprofloxacin (Enzo Life Sciences ALX-380-287-G025) in equal parts 0.1 M HCl and ultrapure water. Phage suspension (7×108 PFU/mL) and ciprofloxacin solution (7.5 mg/mL) were prepared in carrier solutions consisting of 25% TSB and 75% ultrapure water. The antibiotic solution had a final pH of 3.15 while phage suspension had a pH of 7.4. Consequently, both a ciprofloxacin-free carrier (pH of 3.15) and a phage-free carrier (pH of 7.4) were prepared as negative controls. XTT reaction solution consisted of 79%, 20%, and 1% (v/v) of TSB, 1 mg/mL XTT (Sigma-Aldrich X4626) in PBS, and 10 mM menadione (ThermoScientific AC127181000) in 100% acetone, respectively. Solutions were sterilized with 0.22 µm-pore-sized filters or autoclaved.
Pseudomonas aeruginosa PAO1 bacterial cultures. P. aeruginosa strain PAO1 (DSM 25641) were cultured in TSB for 18 hrs at 37°C under agitation (180 rotations per minute or rpm). Bacterial cultures were stored at 4ºC prior to use. Overnight bacterial culture was diluted 1:100 in fresh TSB to a concentration of 5×107 CFU/mL and 500 µL aliquots were added to transwell inserts (BRAND 782730). Transwells were placed into 12-well plates (VWR 10861-556) and incubated for 24-hrs (37°C, 120 rpm). Spent media was removed (250 µL) from biofilms before aerosol exposure. Exposed biofilms received fresh media (250 µL) and were returned to the incubator for an additional 24-hrs.
Phage propagation and enumeration. Overnight culture of P. aeruginosa was diluted 1:100 in fresh TSB and incubated for 4-hrs at 37°C and 180 rpm. A single plaque of vB_Pae-Tbilisi32 (DSM 25635) (Figure 1d) was added to the subculture and incubated for an additional 3-hrs. The resulting crude lysate was centrifuged for 20 mins at 7000×g, and the supernatant was sterile filtered. The concentration of the phage suspension was determined using a standard plaque assay method.5
Generation and collection of aerosol droplets. A previously developed exposure platform6, similar to Cooney et al.7, was used to generate and size fraction aerosol droplets (Figure 1a). Aerosols were generated using the single-jet Blaustein fitted with the 10-40 expansion plate and operated in atomizer mode. Feed flow rate of 700 µL/min, compressed air flow rate of 1.5 L/min, and humidified air flow rate of 26.8 L/min remained constant across all trials. Placement of transwell inserts (foil-lined or biofilm-containing) within the impactor followed an odd-even arrangement with glass petri dishes containing 27 mL of agar (Figure 1d) which also remained constant across all trials.
Dose distribution profiles. Transwell inserts lined with foil (Figure 1b) were used to collect carrier, ciprofloxacin, and phage deposits below each impactor stage. Phage-free or ciprofloxacin-free carrier solutions containing 10 mg/mL of sodium fluorescein were aerosolized for 1 minute. To improve detection in the absence of a fluorescent tracer, phage suspension (1109 PFU/mL) was aerosolized for two minutes, while ciprofloxacin solution (7.5 mg/mL) was aerosolized for three minutes. Foil substrates were removed from transwell inserts and placed into Eppendorf tubes containing 1 mL of ultrapure water (fluorescein or ciprofloxacin) or 1 mL of TSB (phage) and vortexed. Fluorescein wash samples were added to black, 96-well microplate (Greiner Bio-One 655086) in triplicates (200 µL/well) and detected a gain of 100 and λex/λem of 490±5/515±5 nm (Biotek Synergy Neo2). Ciprofloxacin was detected at a gain of 150 and λex/λem of 270±5/445±5 nm.8 Percent ciprofloxacin dose deposited into each transwell was calculated according to Equation 1. Phage wash samples were diluted in TSB as needed and 100 µL was plated on bacterial lawn plates. Plaque counts were used to determine the percent infectious phage dose deposited into each transwell according to Equation 2.
Equation 1 – Ciprofloxacin dose % = 
Equation 2 – Phage dose % = 

Bacterial viability assay. Metabolic activity of planktonic and sessile bacteria was quantified 24-hrs post exposure. Free-floating bacteria (planktonic) in the liquid portion was transferred into 10 mL of 0.9% (w/v) saline, vortexed to disperse the bacteria, and centrifuged at 7000×g for 20 mins. Bacterial pellet was isolated by decanting the supernatant. XTT reaction solution (4 mL) was added to washed, planktonic bacteria and adherent (sessile) bacteria (remaining on transwell insert membrane). Bacteria was incubated with the reaction solution at 37°C and 120 rpm for 1 hr. After the incubation period, 200 µL samples were added to clear 96-well microplate (Greiner Bio-One 655090) in triplicate and measured at λabs of 490 nm (Biotek Synergy Neo2). Absorbance values of samples incubated with the XTT reaction solution was normalized by subtracting absorbance values resulting from the reaction solution alone.
Microscopy. Ciprofloxacin was mounted onto a copper-taped aluminium stub and gold sputter coated to 15 nm before imaging via scanning electron microscopy. Phage stock was stained with 1% uranyl acetate and then imaged via transmission electron microscopy on a copper coated formvar grid.
Statistical analysis. GraphPad PRISM 9 was used for statistical analysis using multiple unpaired t-tests; p-value ≤ 0.05 was considered statistically significant.
[image: ]Figure 1 – In vitro platform for the exposure of P. aeruginosa biofilms to size-fractioned droplets of phage or antibiotic. Aerosol exposure platform consists of a 10-cm-high glass mixing chamber and a 6-stage viable cascade impactor wherein droplets are separated according to aerodynamic cut-off size (a). TEM  image of anti-Pseudomonas phage virions (b). SEM image of ciprofloxacin flakes (c). Transwell inserts lined with foil or containing 24-hrs biofilm cultures were placed below alternate stages of the impactor and exposed to nebulized phage suspension (7108 PFU/mL) or ciprofloxacin solution (7.5 mg/mL) (d-f).


Results
[image: ]Experimental results are presented in Figure 2. Fluorescein was added to carrier media to calculate dose distribution profiles of inert droplets (Figure 2a). In addition, distribution of bactericidal droplets was determined using the plaque assay method to detect infectious phage virions and spectrofluorimetric method to detect ciprofloxacin (Figure 2b). Data presented in Figure 2a illustrates similar dose distribution profiles for both carriers across all stages. Results presented in Figure 2b illustrates significantly higher doses of ciprofloxacin are deposited into transwells  as compared to infective phage across all stages. Lower than expected phage dose distribution can result from damage incurred during nebulization, as reported in previous literature.9 P. aeruginosa biofilms cultured at 37ºC for 24-hrs were placed below odd or even numbered impactor stages in triplicates and exposed to size-fractioned droplets (Figure 2c-f). Bacterial viability was determined 24-hrs post-exposure using the XTT metabolic activity assay. Significant reduction in planktonic (Figure 2c) and sessile (Figure 2e) cell viability was observed in phage-exposed samples across all exposure sites. Meanwhile, only samples exposed to ciprofloxacin below the first stage exhibited significant reduction in planktonic (Figure 2d) and sessile (Figure 2f) cell viability as compared to negative control samples.
Figure 2 – Dose and antibacterial efficacy of nebulized phage and ciprofloxacin. Dose distribution profiles phage- and ciprofloxacin-free carrier solutions containing 10 mg/mL of fluorescein (λex/λem, 490±5/515±5 nm) (a). Dose distribution profiles of phage and ciprofloxacin determined using the plaque assay and spectrofluorimetric method, respectively (λex/λem, 270±5/445±5 nm) (b). Viability of biofilm bacteria quantified 24-hrs post-exposure to size-fractioned droplets of phage and phage-free carrier (c, e) or ciprofloxacin and ciprofloxacin-free carrier (d, f). Viability was based on metabolic activity measured using the XTT assay (λabs, 490 nm), where high absorbance corresponds to high metabolic activity. Statistical significance was based on multiple unpaired t-tests: ns indicates not significant, *– p<0.05, **– p≤0.01, and ***– p≤0.001. Each symbol represents a technical (a, b) or biological (c-f) replicate data point. Stages 1-6 cut-off values: ≥7, 4.7, 3.3, 2.1, 1.1, 0.65 µm.
Discussion
In this work, an impactor platform was used to study dose distribution profiles of nebulized phage and antibiotic in relation to antibacterial efficacy against 24-hrs biofilm cultures of P. aeruginosa. Approximately 5108 plaque forming units (PFU) of phage or 5.25 mg of ciprofloxacin was introduced via nebulization into the system. These values were calculated based on the concentration of each bactericidal agent (7108 PFU/mL or 7.5 mg/mL), feed delivery rate (700 µL/min), and dosing time (1 min). Deposited doses of phage and ciprofloxacin within the impactor, determined using the plaque assay and spectrofluorimetric method, respectively, were found to be unequal across the stages (Figure 2b). Biofilms exposed below the first stage received the highest dose of phage and ciprofloxacin, equivalent to 1104 PFU and 2.5 µg, respectively (Figure 2b). These doses significantly reduced both planktonic (Figure 2c, d) and sessile (Figure 2e, f) cell viability 24-hrs post-exposure.
An effective antibiotic dose of 2.5 µg was delivered to biofilms exposed below the first impactor stage. Conversely, biofilms exposed below the sixth stage, representing the distal-most airway region, only received 0.5 µg of ciprofloxacin (Figure 2b). The reduced antibiotic dose failed to significantly deplete either the planktonic or the sessile bacterial fraction (Figure 2d, f). Using the biofilm seeding volume of 0.5 µL, effective and ineffective ciprofloxacin concentrations were found to be 5 µg/mL and 1 µg/mL, respectively. Effective ciprofloxacin dose determined in this study is consistent with previously reported values shown to reduce biofilm biomass formed by clinical strains of P. aeruginosa by ≥90%.10 Collectively, these results indicate, given the tested nebulizer and dosing time, ciprofloxacin dose deposited at distal infection sites would be ineffective against established biofilms.
The lowest phage dose was delivered to samples exposed below the fourth stage, corresponding to 2102 PFU (Figure 2b). Despite a 50-fold reduction in phage dose, antibacterial efficacy was comparable to that of samples that received the highest dose below the first impactor stage (Figure 2c, e). The ability of lytic phages to undergo on-site amplification and eradicate bacteria in a dose-independent manner was previously demonstrated in a murine model of P. aeruginosa lung infection.11 However, the study did not investigate aerosolized delivery or biofilm eradication as the phage was administered intratracheally via pipette only two hours after bacterial infection. In comparison, our work illustrates dose-independent activity of nebulized phage against established biofilm cultures.
Conclusion
High efficiency devices or longer dosing times may be required to deliver effective doses of ciprofloxacin to lower airway infection sites, thereby increasing treatment times for patients as well as expense. Exposure to sub-inhibitory doses of antibiotic can increase the risk of AMR development. On-site, self-amplifying nature of phages allows doses as small as a few hundred infectious virions to effectively deplete biofilm bacterial loads. Nebulized delivery of lytic phages can be a promising strategy for treating distal airway infections where minimum effective antibiotic concentration is difficult to achieve.
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