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Summary
Methicillin-resistant Staphylococcus aureus (MRSA) has become a leading causative pathogen of nosocomial pneumonia with an alarming in-hospital mortality rate of 30%. Last resort antibiotic, vancomycin, has been increasingly used to treat MRSA infections, but the rapid emergence of vancomycin-resistant strains urges the development of alternative treatment strategies against MRSA-associated pneumonia. The bacteriolytic enzyme, lysostaphin, targeting the cell wall peptidoglycan of S. aureus has been considered as a promising alternative for MRSA infections. Its proteinaceous nature is likely benefit from direct delivery to the lungs, but the challenges for successful pulmonary delivery of lysostaphin depend on a suitable inhalation device and a formulation with sufficient storage stability. In this study, the applicability of a vibrating-mesh nebulizer (Aerogen® Solo) and a soft mist inhaler (SMI, Respimat®) was investigated. Both devices were capable of aerosolizing lysostaphin solution into inhalable droplets and caused minimum antibacterial activity loss. In addition, lysostaphin stabilised with phosphate-buffered saline and 0.1% Tween 80 was proved to have acceptable stability for at least 12 months when stored at 4°C. These promising data encourage further clinical development of lysostaphin for management of MRSA-associated lung infections. 
Key Message
Two inhalation devices, Aerogen® Solo mesh nebulizer and Respimat® SMI, were suitable for the delivery of lysostaphin into lungs and caused little impacts on its secondary structure hence its antibacterial activity. The lysostaphin solution could be stabilized in PBS and 0.1% Tween 80 for at least 12 months.
Introduction
The increasing prevalence of antimicrobial resistance in the respiratory superbugs is one of the major contributors for the high mortality rates of pneumonia [1]. Among those, MRSA accounted for 20%‒40% of all hospital-acquired and ventilator-associated pneumonia, having an in-hospital mortality rate of ~ 30% [2]. MRSA are concomitantly resistant to most commonly used antibiotics, including methicillin, oxacillin, penicillin, amoxicillin and cephalosporins [3]. Last resort antibiotic, vancomycin, has been increasingly used to treat MRSA infections, but outbreaks of vancomycin-resistant strains have been occasionally reported since 2002 [4]. Therefore, urgent attention to discover novel anti-staphylococcal agents with effective delivery approaches to manage MRSA-associated pneumonia are required.  
[bookmark: OLE_LINK2]Lysostaphin is a well-known antibacterial enzyme that specifically kills S. aureus by breaking the pentaglycine cross-links in the cell wall peptidoglycan [5]. The excellent bactericidal efficacy of lysostaphin had been demonstrated in vitro and in vivo, showing superiority to vancomycin and other antibiotic treatments [6]. However, there are concerns about enzyme degradation and immunogenicity of lysostaphin upon systemic delivery, leading to reduced antibacterial efficacy and poor safety profile in treating lung infections. Nebulizers require little patient coordination, allowing them to be easily used across a wide patient population, including children, the elderly and ventilated patients, particularly favorable in hospital settings [7]. Respimat SMIs, which have the advantages of portability and electricity-free operation, is another type of inhaler device have been demonstrated to be an efficient device to deliver solution-based medications to the lungs [8]. Its suitability in aerosolizing antibacterial enzymes has never been attempted before. This study, therefore, examine the feasibility of using the commercially available Aerogen® Solo vibrating mesh nebulizer [9] and Respimat® Soft Mist Inhaler to deliver active lysostaphin into the lungs, likely used for nosocomial and outpatient pulmonary infection management, respectively. For Aerogen® Solo, its central aperture plate is perforated with 1000 precision-formed holes, vibrating 128,000 times per second, which is able to produce droplets with the size of 1-5 µm. For Respimat®, 21G needle is used to fill the solution into the cartridge and the dose per shot is 10 µL.
Experimental methods
Three American Type Culture Collection (ATCC) strains and two clinical-isolated MRSA strains were studied. Turbidity reduction assay (TRA) was employed to confirm the bacteriolytic activity of lysostaphin. Cytotoxicity against BEAS-2B cells was determined according to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Bacterial colonies were counted in the BEAS-2B/MRSA-2 co-culture system before and after lysostaphin treatment to evaluate the antibacterial efficiency.  
The clinically relevant Aerogen® Solo vibrating-mesh nebulizer and Respimat® SMI were used to aerosolize lysostaphin stock solution (1 mg/mL in PBS and 0.1% Tween 80). The secondary structures of lysostaphin before and after nebulization were tested by circular dichroism (CD) spectroscopy and the activity of aerosolized lysostaphin was determined by the antibacterial assay. The size of lysostaphin aerosols were measured by laser diffraction using the HELOS Sympatec. The data obtained were used to estimate regional deposition (lung and oropharynx) of the aerosols by the ARLA respiratory deposition calculator, https://sites.ualberta.ca/~arla/deposition_calculator.html. The inhalation flow rate of 300 mL/sec, tidal volume of 800 mL and functional residual capacity of 3000 mL, which are comparable to typical adult male’s tidal breathing parameters, were used for the calculation. 
The degradation rates at five storage temperatures (4, 20, 37, 50 and 60 °C) were evaluated to estimate the shelf-life of lysostaphin solution. Collected data were fitted with first-order reaction kinetics (Eq. 1) and the Arrhenius equation (Eq. 2) to establish a shelf-life prediction model for lysostaphin solution.
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where, kd is the inactivation reaction rate constant; t = time (day); E0 is the initial enzyme activity; E is the residual enzyme activity at the sampling time; Ea is the activation energy; R is the universal gas constant (8.314 J/mol/K); T is the thermodynamic temperature (K); A is the frequency factor.
Results
TRA confirmed that in the presence of lysostaphin, optical density at 600 nm (OD600) values of all tested strains decreased from ~ 0.7 to less than 0.1 in 2 h (Figure 1a). Lysostaphin showed an insignificant toxicity to BEAS-2B cells at 10 µg/mL (Figure 1b) while in the BEAS-2B/MRSA-2 co-culture system, it was able to reduce the colony-forming unit (CFU) of MRSA-2 by nearly 1, 2 and 4 logs at the concentration of 1.25, 2.5 and 5 µg/mL, respectively (Figure 1c). 
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Figure 1 -	(a) TRA of PBS reconstituted lysostaphin against a panel of S. aureus strains. (b) Cytotoxicity of lysostaphin against BEAS-2B cells. (c) Antibacterial efficacy of lysostaphin in the BEAS-2B/MRSA-2 co-culture system. ns, no significant, * p < 0.05, **** p < 0.0001. All experiments were repeated three times.
Aerosolized droplets intended for inhalation must have sizes ranged 1–5 μm to achieve optimal deposition in the lungs. The geometrical sizes of lysostaphin aerosols generated by the Aerogen Solo® nebulizer and Respimat® SMI were shown in Table 1. The size of aerosol droplets were independent of the protein concentrations with more than half of the aerosols being inhalable (≤ 5 µm). Analysis of regional deposition prediction of aerosols showed lung depositions of ~ 43%.
Table 1: Size of aerosols generated by Aerogen® Solo and Respimat® SMI.
	Inhaler device
	D50 (µm)
	Span
	Total deposition fraction (%)
	Estimated lung deposition (%)

	Aerogen® Solo nebulizer
	3.65±0.07
	2.10±0.01
	62.4±0.6
	43.1±0.10

	Respimat® SMI
	4.28±0.18
	1.67±0.20
	68.3±1.3
	48.9±3.02


CD spectra of lysostaphin maintained similar tendency of curve before and after nebulization, suggesting retention of the secondary structure. Figure 2 shows that the collected nebulized lysostaphin samples exhibited negligible antibacterial activity loss compared with the non-nebulized solution. 
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Figure 2 -	Images, CD spectra and antibacterial efficiency of lysostaphin solutions before and after nebulization by (a) Aerogen® Solo and (b) Respimat® SMI. **** p < 0.0001. Antibacterial efficiency experiments were repeated three times.
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Figure 3 -	(a) Ratios of bioactivity retention of lysostaphin against MRSA-2 in varied storage temperatures. (b) Fold change in MIC against MRSA-2 of lysostaphin stored at varied temperatures. The red arrows present beyond the detection limit (> 32-fold). (c) Arrhenius plot for shelf life prediction. (d) TRA and (e) live colony counts of MRSA-2 treated with lysostaphin which stored at 4°C, 20°C and 37°C for 12 months. ns, no significant, **** p < 0.0001. All experiments, except the Arrhenius plot, were repeated three times. 
Figure 3a indicates that negligible bioactivity loss was detected when lysostaphin solutions were stored at 4°C and 20°C for 30 days. The fold change in MIC shown in Figure 3b is in line with the bioactivity loss data, suggesting that storage at 37°C or above would result in noticeable inactivation of lysostaphin in 15 days. The correlation coefficients (R2) of straight lines in Arrhenius plot (Figure 3c) was 0.9835. The determined inactivation energy was 11.6 kJ/mol with an estimated half-life of 591.5 days for sample storing at 4°C. Figure 3d further confirms that this antistaphylococcal enzyme exhibited good storage stability in the liquid-state at 4°C that minimum activity loss was noted after 12-month storage. Compared to the control group, the number of live bacterial colony decreased more than 4 logs, which meant that > 99.99% MRSA-2 cells were killed. As a comparison, lysostaphin stored at 20°C for 12 months could still lead to approximately 2 logs reduction (Figure 3e). 
Discussion and conclusion
[bookmark: OLE_LINK1]The activity of PBS reconstituted lysostaphin was confirmed that lysostaphin could lead to rapid bacteriolysis. S. aureus has been found to be able to survive and propagate intracellularly, to escape the attack of antibacterial agents and leading to recurrent infections. Drug-resistant MRSA further increases the difficulty of reasonable treatment. Our results suggested that after treating with 10 µg/mL of lysostaphin for 2 h, no live MRSA-2 cells can be detected in the co-culture system. These results suggested that lysostaphin could kill MRSA-2 effectively without affecting co-existed normal lung epithelial cells, further verifying its potential in treating MRSA-induced pulmonary bacterial infection. Taken together with the aerodynamic size distribution and the preservation of post-nebulization protein activity, both the Aerogen® Solo and Respimat® SMI are considered suitable inhaler devices for pulmonary delivery of this class of antibacterials into the lungs.
Currently, lysostaphin is commercially available as lyophilized powder recommended to store at ‒20°C with a product shelf-life of 3 years. Our data support our assumption that for lysostaphin, storage in the liquid-state at 4 °C is practicable.
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