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Summary
N-acetylcysteine (NAC), a mucolytic drug with antioxidant and anti-inflammatory properties, has been recently proposed as adjuvant in the treatment of SARS-CoV-2 infection. In this study spray-dried powders of NAC for inhalation with 75% drug loading were prepared. NAC and the excipients were dissolved at acid pH and the solution was subjected to a spray drying process in close loop under nitrogen atmosphere. The effect of polyvinylpyrrolidone (PVP) or lactose in the spray dried powders and the variation of aspiration rate on the stability of NAC and powder aerosolization performance was investigated. The spray dried powders were characterized in terms of process yield, drug content, residual water content, particle size distribution, particle morphology and thermal behaviour. In vitro aerodynamic performance was evaluated using Fast Screening Impactor. The results showed that NAC was stable under nitrogen atmosphere during the spray drying process, as confirmed by the drug content values in the spray dried powders between 95 % and 105 %. The aspirator rate did not affect the overall properties of the spray dried powders. However, even if the lactose-containing spray dried powders exhibited the lower value of residual water respect to those with PVP, the better aerosolization performance was observed with the spray dried powders containing PVP. 
Key Message
The combination of NAC solution in acid environment and the spray drying process in close loop under nitrogen atmosphere protects the drug from degradation and allowed the manufacturing of spray dried NAC microparticles. Lactose decreased the residual water content of the spray dried powders, while PVP reduces the aggregation of spray dried microparticles and increased the in vitro respirability of the powders.
Introduction
NAC, a thiol derivative of the amino acid L-cysteine, is used as an antidote for acetaminophen poisoning. Due to the presence of the sulfhydryl group, NAC acts as an antioxidant, free radical scavenger, mucolytic agent and, among other things, possesses anti-inflammatory and antimycobacterial properties [1-2]. NAC has been co-formulated with antibiotics for the treatment of P. aeruginosa infections in cystic fibrosis patients [3-4]. Recently, NAC has been indicated as adjuvant therapy for COVID-19 [5-6]. In vitro and in vivo data showed that NAC has effect on respiratory viral infections, increasing antioxidant capacity, interfering with virus replication and suppressing pro-inflammatory cytokine expression in virus infected cells.
In light of these findings, the aim of this study was the formulation of inhalable high dose NAC spray dried microparticles, with suitable respirability properties. Considering that, due to the presence of the sulfhydryl group, degradation products could be formed during the spray drying process, particular attention was paid to the preparation of the drug solution to be sprayed and to the process conditions. The spray dried powders were characterized in terms of drug content, residual water content, thermal behaviour, particle size distribution, morphology and aerosolization performance. 
Material and Methods
Materials
N-acetylcysteine was supplied from Wuhan Grand Hoyo CO Ltd (China) and the N-acetylcysteine USP standard was purchased from Merck (Italy). L-Leucine was purchased by ACEF (Italia), while polyvinylpyrrolidone (PVP) and lactose were supplied by Micro-Sphere S.A. (Switzerland). The solvents were of analytical grade. 
Methods
NAC spray dried microparticles were manufactured using a Mini Spray Dryer B-290 (Buchi Labortechnik, Switzerland), coupled to a B-296 dehumidifier. NAC and the selected excipients were dissolved in Milli-Q grade water, acidified with 0.8% w/v of acetic acid. The acid environment was necessary to prevent the NAC degradation during the spray drying process. The composition of the formulations is reported in Table 1. The solid concentration of the spray dried solutions was 1% w/v. The experiments were carried out in close loop under nitrogen atmosphere using the following parameters: inlet temperature 120 °C, outlet temperature 63 – 67 °C, feed rate 2.0 ml/min, nozzle diameter 0.7 mm, drying air flow 740 L/h, aspirator rate 70% or 100% of the total capacity. The spray dried powder was quantitatively recovered from the product collection vessel and weighed on an analytical balance (Mod. E50S, Gibertini, Italy, sensitivity 0,1 mg) and expressed as percentage of the amount of solid dissolved in the sprayed solution. The dry powder was stored at room temperature in an amber glass vial with a rubber stopper and aluminium cup. 
Table 1. Composition of the formulations and the aspirator rate used.
	Formulation
	NAC (%, w/v)
	Leucine (%, w/v)
	PVP (%, w/v)
	Lactose (%, w/v)
	Aspirator rate (%)

	#1
	75
	20
	5
	-
	70

	#2
	75
	20
	5
	-
	100

	#3
	75
	20
	-
	5
	70

	#4
	75
	20
	-
	5
	100



The drug content was performed by HPLC analysis in reverse phase following the method reported in Ph. Eur., using as stationary phase a Symmetry C18 column 250 x 4.6 mm, 100 Å, 5 mm (Waters corporation, US). The HPLC system consisted of a pump (LC-10AT VP, Shimatzu, Japan), a UV-VIS detector (SPD-10A VP, Shimatzu, Japan), set to 212 nm, a 717plus autosampler (Waters corporation, USA). Temperature of the column was set to 25 °C and sample injection volume was 20 ml.  
The residual water content in the spray dried powders was measured by thermogravimetric analysis using a TGA STARe system (Mettler Toledo, US). 3 – 5 mg of sample were weighed in 70 ml alumina pan with a pierced cover and heated under a dynamic nitrogen atmosphere (80 ml/min) from 25 to 130 °C at 10 °C/min. The weight loss was measured in the range between 25°C and 100 °C. Weight loss (%) represented the residual water content of the spray dried powders. The thermal behaviour of NAC in the spray dried powders and the raw material was assessed by Differential Scanning Calorimetry using a DSC 821e STARe system (Mettler Toledo, US). 3 – 5 mg of sample were weighed in 40 ml aluminium crucibles, sealed and pierced, and heated under a dynamic nitrogen atmosphere (100 ml/min) from 25 to 150 °C at 10 °C/min. 
The particle size distribution of the spray dried powders was determined by laser light scattering (Spraytec, Malvern, UK). Approximately 5 mg of the spray dried powder was dispersed in 10 ml solution of 0.5 % (w/v) Span 85 in cyclohexane and sonicated for 1 min. The analysis was performed in triplicate with an obscuration threshold of 10%. Data were expressed in terms of median volume diameter and percentiles (Dv10, Dv50 and Dv90).
The morphology of the spray dried powders was assessed by scanning electron microscopy (SEM, Sigma HD, Carl Zeiss, Germany), at EHT 1.00 kV. The powders were placed on a double-sided adhesive tape pre-mounted on an aluminium stub and analysed after a 30 min depressurization.
The in vitro aerodynamic assessment of the spray dried powders was carried out by Fast Screening Impactor (FSI, Copley Scientific, UK), where the fine particles (aerodynamic diameter < 5 mm) are collected in the Fine Fraction Collector on a glass fiber filter (Pall Corporation, USA). Aerosolization of the spray dried powders was performed using a capsule-based DPI device (RS01Ò, Plastiape S.p.A., Italy), connected to the FSI by a rubber adaptor. Approximately 20 mg of spray dried powders were weighed into a size 3 HPMC capsule (Quali-VÒ, Qualicaps, Spain), then the capsule was inserted in the device and pierced just before the aerosolization. The aspiration lasted 4 seconds at a flow rate of 60 L/min. The amount of NAC remained in the capsule and DPI and that deposited in the rubber adapter, induction port, Coarse Fraction Collector and filter was determined by HPLC. The emitted dose (mg) is the amount of powder ejected from the device. The emitted fraction (EF (%)) and the respirable fraction (RF (%)) were calculated as the ratio of emitted dose to metered dose and of fine particle dose to emitted dose, respectively.
Results and discussion
NAC spray dried powders were obtained with a yield ranging between 56% and 75 % (Table 2). The drug content close to 100% indicated that NAC remains stable during the time in which the drug/excipient solution is sprayed. In the case of powder #3 the HPLC chromatogram exhibited the presence of a small peak with a retention time corresponding to an impurity reported in pharmacopoeia. In fact, powder #3 showed the lowest value of drug content. The peak, associate to the impurity, was not present in the chromatogram of powder #4 and probably the highest aspiration rate could protect the drug from degradation. 
Table 2. Yield of spray drying process and drug content, residual water, melting temperature and enthalpy of fusion of the spray dried powders (n = 3).
	Formulation
	Yield (%)
	Drug content (%)
	Residual water (%)
	Tmelting (°C)
	DHfusion (J/g)

	#1
	71.1
	102.6 ± 1.4
	3.7 ± 1.3
	104.6 ± 0.2
	- 86.5 ± 3.4

	#2
	56.2
	97.9 ± 3.6  
	3.6 ± 0.6
	104.5 ± 0.1
	- 86.6 ± 1.6

	#3
	64.0
	95.2 ± 3.5
	1.5 ± 0.9
	105.1 ± 0.1
	- 116.4 ± 1.6

	#4
	75.2
	103.9 ± 2.1
	1.7 ± 1.1
	105.3 ± 0.2
	- 106.5 ± 2.6



The residual water was higher in the case of the spray dried powders containing PVP with respect to those containing lactose. The DSC of the spray dried powders did not evidence a significant change of thermal behaviour of NAC. The drug raw material showed a melting temperature of about 110 °C and an enthalpy of fusion of 149 J/g (data not shown). No significant variation of drug melting point was noticed in the spray dried powders. On the other hands, as expected, the spray drying process led to a partial amorphization of the drug, more evident in the case of powders containing PVP. The degree of crystallinity (calculated from the ratio of NAC enthalpy of fusion in the spray dried powder to NAC enthalpy of fusion in the raw material, multiplied by 100) was about 58%, 78% and 71%, for powders #1-2, #3 and #4, respectively. The different aspiration rate had a moderate effect only on the lactose-containing spray dried powder.
SEM images evidenced rounded and wrinkled microparticles that tend to agglomerate (Figure 1). In particular, the images of lactose-containing spray dried microparticles (powders #3 and #4) showed the presence of particles fused together forming aggregates.
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Figure 1. SEM images of spray dried microparticles (5000X magnitude).
The values of particle size distribution are summarised in Table 3. Powders #1-3 showed Dv50 values between 3.18 – 3.40 mm. The Dv50 value of powder #4 was higher (7.33 mm), due to the presence of aggregates, as also highlighted by a Dv90 value of 16.55 mm and by the image reported in Figure 1. Unlike the other three spray dried powders, the aggregates of powder #4 were not easily dispersed during sonication prior the particle size distribution analysis.
Table 3. Particle size distribution of the spray dried powders (n = 3).
	Formulation
	Dv10 (mm)
	Dv50 (mm)
	Dv90 (mm)
	Span

	#1
	1.33 ± 0.11
	3.18 ± 0.22
	7.05 ± 0.24
	1.81 ± 0.10

	#2
	1.35 ± 0.03
	3.40 ± 0.51
	7.38 ± 0.33
	1.92 ± 0.21

	#3
	1.34 ± 0.01
	3.25 ± 0.18
	7.32 ± 0.12
	1.95 ± 0.01

	#4
	1.41 ± 0.05
	7.33 ± 0.54
	16.55 ± 1.67
	2.11 ± 0.23


The in vitro aerodynamic assessment of NAC spray dried powders by FSI showed that more than 75% of the metered dose was emitted by the device upon actuation. The emitted fraction of powders #1-3 ranged between 75% and 81% (Figure 2). The respirable fraction was 28%, 33% and 43% for the spray dried powders #3, #2 and #1, respectively. In case of powder #4, a RF of about 15% was obtained, as it could be expected from the results of particle size distribution and the morphology exhibited in the SEM image. 
[image: ]
Figure 2. The comparison of EF (%) and RF (%) for the spray dried powders #1, #2 and #3.
Conclusions
From the results obtained, the spray dried process allowed the preparation of powders containing high dose of N-acetylcysteine. The combination of NAC solution in acid environment and the spray drying process in close loop under nitrogen atmosphere protects the drug from degradation during the process. The aspirator rate has moderate effect on the characteristics of the obtained powders. Otherwise, lactose decreased the residual water content of the spray dried powders, while PVP reduces the aggregation of spray dried microparticles and increased the in vitro respirability of the powders. The aerosol performance of powder #3 can be considered adequate as RF is higher than 40%. Future work will include the development of a design of experiments to optimise the spray drying process parameters with the aim to further improve the aerosol performance of the NAC powders.
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