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Summary
The primary objective of study was to optimize the parameters involved in development of inhalable spray-dried procubosomal powder (SDPP) using the spray drying process, with an aim to improved aerosolization performance and yield of formulation. The development of gefitinib (GFT) loaded-SDPP began with establishment of a quality target product profile and a thorough risk assessment by the Ishikawa diagram that identifies ten high-risk parameters to guide formulation development. Subsequently, the Taguchi design was employed to systematically screen different formulation parameters (glyceryl monooleate: poloxamer P407, polyethylene glycol 200 content, stirring temperature, stirring speed, stirring duration, mannitol: leucine) and process parameters (inlet temperature, outlet temperature, aspirator flow rate) along with equipment configuration parameter (cyclone design). These parameters were assessed based on their individual effects on critical quality attributes, i.e., yield (%), device removal efficiency (DRE, %), aerosolization efficiency (AE, %), and fine particle fraction (FPFTSI, %) of GFT-SDPP. The results revealed that optimized formulation achieved a satisfactory aerosolization performance, i.e., DRE of 94.2 ± 5.6%, AE of 52.2 ± 1.84%, FPFTSI of 63.8 ± 3.63% and yield of 32.5 ± 2.82%. This optimized formulation exhibited a mean median aerodynamic diameter (MMAD) of 3.29 ± 0.53 µm, enhanced FPFAC (60.83 ± 2.19%) and entrapment efficiency (96.2 ± 3.98%). SEM analysis indicated smooth spherical particles with somewhat wrinkled surface. The results of in-vitro dissolution studies indicated the sustained release of GFT from SDPP with enhanced dissolution. In conclusion, this study successfully developed an inhalable SDPP formulation, demonstrating promising potential as targeted drug delivery system.
Key Message
The optimized inhalable GFT-SDPP exhibited desirable aerosolization properties, a minimum MMAD, higher entrapment efficiency, and sustained release profile, thereby helping to reduce dose and dose-related systemic side effects. The non-invasive nature of inhalable formulation and its proposed target specificity opens the door to their potential use as pulmonary delivery system.
Introduction
Lung cancer is an aggressive and rapidly metastasizing malignancy characterized by the uncontrolled proliferation of cells in lung tissue. Non-small cell lung cancer (NSCLC) is the most common type of lung cancer, accounting for >85% of all recorded cases of lung cancer worldwide [1-3]. Major chemotherapeutics used for treatment, available in the form of oral tablets and intravenous injections. However, they are highly lipophilic in nature (poor water solubility) and recommended for high doses and/or need surfactants to increase solubilization, aiming to improve therapeutic potential of the drugs. The considerable drawback of oral or intravenous delivery of chemotherapeutics is non-targeted distribution of anticancer drug rather than tumor sites [4]. The drawbacks associated with conventional chemotherapy can be overcome using targeted drug delivery with minimal systemic exposure. Scientists have developed various nanoparticulate formulations over recent years, serving as carriers for lung cancer treatment and overcoming the drawbacks associated with conventional therapies [5, 6]. Now, the current focus is to target anticancer drug-loaded nanoparticulate drug delivery system to the lungs by developing an inhalable locally accumulating chemotherapeutic dosage form [7]. In this context, Gefitinib (GFT) serves as the model drug for formulation evaluation. Among the numerous novel bioactive platforms, cubosomes have emerged as magnificent carriers for insoluble drugs because of their substantial characteristics, i.e., greater surface area, mucoadhesive properties, thermodynamic stability, the ability to encapsulate hydrophilic, hydrophobic, and amphiphilic substances, biocompatible nature and sustained drug delivery. In comparison to other nanocarriers, cubosomes exhibit distinct advantages because of their structural symmetry and molecular orientation [8]. Spray drying is a leading high-throughput pharmaceutical dry powder precursor manufacturing technology that may effectively design and develop inhalable powder particles in the solid state [9]. In summary, the superior therapeutic efficacy of GFT-loaded cubosomes would be demonstrated when inhalable procubosomal formulation will thoroughly be investigated for pulmonary drug delivery, especially in the therapy of lung cancer. The Taguchi design was used to screen and study the effect of different selected formulation and process parameters along with equipment configuration (cyclone design) on selected critical quality attributes (CQAs) of GFT-loaded spray-dried procubosomal powder (GFT-SDPP).
Methods
The risk assessment was conducted to identify the critical formulation and process parameters that affect the quality of the inhalable spray-dried procubosomal powder (SDPP) and spray drying process. To analyze critical material attributes (CMAs) and critical process parameters (CPPs), well-established tools called Ishikawa (fishbone) diagram and risk-ranking system were used. On a preliminary trial and risk assessment basis, the selected independent variables: GMO: P407 ratio, PEG200 content, stirring temperature, stirring speed, stirring duration, mannitol: leucine ratio, inlet temperature, outlet temperature, aspirator flow rate, and cyclone design were screened at their corresponding levels using statistical technique (Taguchi design, 10 factors with 1 dummy at 2 levels). The Taguchi design recommended twelve different formulations, which we prepared and further evaluated using four critical quality attributes (CQAs): %DRE, AE, FPF, and yield (as listed in Table 1). The process of preparing inhalable GFT-SDPP formulations occurred in two steps. First, we prepared a homogenous dispersion of gefitinib (GFT), glyceryl monooleate (GMO), poloxamer 407 (P407), PEG200 (a hydrotrope), mannitol (the carrier), and leucine (dispersibility enhancer) in an aqueous ethanolic solution using the liquid precursor or solvent dilution method [10]. Secondly, spray-dried the prepared homogenous dispersion by laboratory-scale mini spray dryer (Figure 1) apparatus using powder precursor method as reported previously [11]. Subsequently, all the experimental spray-dried formulations underwent characterization to assess their aerosolization properties, including %DRE, AE, FPFTSI, and yield of GFT-SDPP obtained after spray drying. The percentages of %DRE, AE, and FPFTSI for all 12 experimental runs were determined using a specially designed glass twin-stage impinger (TSI) apparatus, following established methods [12, 13]. The collected data from various trials were evaluated by analysis of variance (ANOVA) and desirability function using Taguchi orthogonal array design [14]. Finally, the optimized formulation underwent further characterization, including the assessment of fine particle fraction (FPFACI) using an Anderson Cascade Impactor and an evaluation of its in-vitro release profile in simulated lung fluids, specifically artificial lysosomal fluid (pH 4.5) and Gamble solution (pH 7.4) in comparison to pure drug (GFT).
Results
After assessing formulation parameters and process parameters, including cyclone design parameter, employing a qualitative risk evaluation approach, the different GFT-SDPP formulations were prepared using a Taguchi design as suggested by Design Expert 11 software. The effect of independent parameters on the dependent parameters or CQAs (%DRE, AE, FPF, and Yield) was evaluated, and the results obtained are summarized in Table 1. The ANOVA was performed to assess the variation in the experimental runs and determined the coefficients of each independent variable. The Sum of Square values for each parameter was then used to calculate the percentage contribution (PC) of each parameter to the individual response. This analysis revealed that for %DRE and Yield, cyclone design (X10) had the most significant influence, with the order of % contribution being X10(Cyclone design) > X7(inlet temp) > X2(PEG200) > X6(Mannitol: Leucine) > X1(GMO: P407) > X9(Aspirator flow rate) > X4(Stirring speed) > X3(Stirring Temp) > X5(Stirring duration) > X8(Outlet Temp) > X11(Dummy) and X10 > X8 > X9 > X7 > X3 > X2 > X5 > X4 > X6 > X1 > X11, respectively. On the other hand, for %AE and FPF, the formulation parameter, Mannitol: Leucine (X6) and process parameter inlet temperature (X7) played a substantial role in enhancing AE% and FPF%, with the order of % contribution being X6 > X3 > X8 > X1 > X9 > X7 > X5 > X4 > X10 > X11 > X2 and X7 > X6 > X2 > X3 > X1 > X5 > X4 > X9 > X8 > X10 > X11, respectively (Figure 1). Following this analysis, numerical optimization was applied to determine the predicted optimal values for formulation, process, and cyclone design parameters. A spray-dried formulation batch was then prepared based on these predicted optimal conditions and subsequently evaluated. The predicted values closely matched the observed values for %DRE, AE, FPF, and Yield (Table 2). Furthermore, scanning electron microscope (SEM) images of the optimized formulation revealed smooth spherical structures with no apparent presence of GFT's characteristic large plate-shaped crystals. This confirmed the successful encapsulation of GFT within the lipid (GMO) and carrier particles (mannitol: leucine). In addition, in-vitro release studies demonstrated improved GFT dissolution with a sustained release profile from inhalable GFT-SDPP at both simulated lung fluids compared to pure GFT (Figure 1).
Conclusion 
The present work reveals the local delivery of drugs with aid of an inhalable spray-dried engineered procubosomal powder (SDPP) carrier system targeting lung tumor or other respiratory diseases. In comparison with the results of previously prepared formulations in the literature, our findings demonstrated that the inhalable GFT-SDPP formulation showed higher aerosolization properties (FPF%), entrapment efficiency, and sustained release profile with increased dissolution for a longer period due to the substantial characteristics of cubosomes than other nanoparticulate systems. Based on our findings, we propose that lowering the local dose required for treatment to further decrease the systemic and local dose-related side effects would be a promising treatment modality.
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Table 1. Taguchi L12 orthogonal array design for formulation and evaluation of different inhalable GFT-loaded spray-dried procubosomal powder formulations (GFT-SDPP).
	Independent variables
	Level 1 (-1)
	Level 2 (+1)
	Independent variables
	Level 1 (-1)
	Level 2 (+1)
	Dependent variables
	Constraints

	X1 GMO: P407 (mg)
	100:20
	150:30
	X7 Inlet temperature (°C)
	80
	95
	Y1 Device removal efficiency (%DRE)
	Maximum

	X2 PEG200 (mg)
	67
	100
	X8 Outlet temperature (°C)
	45
	55
	Y2 Aerosolization efficiency (%AE)
	Maximum

	X3 Stirring Temperature (°C)
	40
	80
	X9 Aspirator flow rate (m3/h) 
	45
	65
	Y3 Fine particle fraction (%FPF)
	Maximum

	X4 Stirring speed (rpm)
	400
	1200
	X10 Cyclone type
	I 
	XVII
	Y4 Yield (%)
	Maximum

	X5 Stirring duration (min)
	5
	15
	X11 Dummy
	1
	2
	
	

	X6 Mannitol: Leucine (mg)
	1700
	2500
	
	
	
	
	

	Various Formulations by Taguchi design
	Physical properties for each response parameter

	Run
	X1
	X2
	X3
	X4
	X5
	X6
	X7
	X8
	X9
	X10
	X11
	Y1 (DRE %)
	Y2 (AE %)
	Y3 (FPF %)
	Y4 (Yield %)

	1
	+1
	+1
	-1
	+1
	-1
	+1
	-1
	-1
	-1
	+1
	+1
	89.7 ± 1.1
	37.2 ± 0.7
	59.6± 1.7
	26.0 ± 0.8

	2
	+1
	+1
	+1
	-1
	-1
	-1
	-1
	+1
	+1
	-1
	+1
	88.5 ± 2.1 
	42.8 ± 1.3
	56.0± 1.2
	24.3 ± 0.9

	3
	+1
	-1
	+1
	-1
	+1
	+1
	+1
	-1
	-1
	-1
	+1
	89.2 ± 1.7
	38.0 ± 1.5
	50.5± 1.8
	20.5 ± 0.6

	4
	-1
	-1
	+1
	+1
	+1
	-1
	-1
	-1
	+1
	+1
	+1
	89.2 ± 1.9	
	40.8 ± 1.4
	53.3± 1.7
	27.9 ± 0.8

	5
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	87.2 ± 1.7
	36.8 ± 1.2
	52.5± 1.9 
	19.0 ± 0.5

	6
	-1
	+1
	-1
	+1
	+1
	-1
	+1
	+1
	-1
	-1
	+1
	89.8 ± 2.2
	36.6 ± 1.1
	50.5± 2.0
	22.7 ± 0.6

	7
	-1
	+1
	+1
	-1
	+1
	+1
	-1
	+1
	-1
	+1
	-1
	91.9 ± 2.6
	46.8 ± 1.3
	61.9± 1.6
	29.4 ± 1.0

	8
	+1
	-1
	-1
	+1
	+1
	+1
	-1
	+1
	+1
	-1
	-1
	87.8 ± 2.1
	40.8 ± 1.2
	53.7± 1.7
	22.8 ± 0.5

	9
	-1
	-1
	-1
	-1
	-1
	+1
	+1
	+1
	+1
	+1
	+1
	92.0 ± 2.4	
	44.6 ± 0.9
	51.8± 2.1
	31.6 ± 0.9

	10
	+1
	+1
	-1
	-1
	+1
	-1
	+1
	-1
	+1
	+1
	-1
	91.1 ± 2.3
	33.6 ± 1.0
	46.7± 1.3
	28.3 ± 1.0

	11
	-1
	+1
	+1
	+1
	-1
	+1
	+1
	-1
	+1
	-1
	-1
	91.6 ± 2.8
	43.6 ± 1.6
	57.6± 1.8
	23.8 ± 0.8

	12
	+1
	-1
	+1
	+1
	-1
	-1
	+1
	+1
	-1
	+1
	-1
	89.0 ± 1.9 
	38.0 ± 1.1
	48.6± 1.5
	30.5 ± 1.2


Table 2. Observed v/s predicted correlation of optimized formulation of inhalable spray-dried procubosomal powder along with its evaluation to obtained desirability specification.
	
	DRE (%)
	AE (%)
	FPF (%)
	Yield (%)

	Parameters
	Level
	Description
	Level
	Description
	Level
	Description
	Level
	Description

	X1 (mg)
	1
	100:20
	1
	100:20
	1
	100:20
	1
	100:20

	X2 (mg)
	2
	100
	2
	100
	2
	100
	2
	100

	X3 (°C)
	2
	80
	2
	80
	2
	80
	2
	80

	X4 (rpm)
	1
	400
	1
	400
	2
	1200
	2
	1200

	X5 (min)
	2
	15
	1
	5
	1
	5
	1
	5

	X6 (mg)
	2
	2500
	2
	2500
	2
	2500
	2 
	2500

	X7 (°C)
	2
	95
	1
	80
	1
	80
	2
	95

	X8 (°C)
	2
	55
	2
	55
	2
	55
	2
	55

	X9 (m3/h)
	2
	65
	2
	65
	1
	45
	2
	65

	X10 (cyclone type)
	2
	XVII
	2
	XVII
	2
	XVII
	2
	XVII

	Observed and predicted optimal conditions

	                 Independent Parameters
	
	DRE (%)
	AE (%)
	FPF (%)
	Yield (%)

	F. No.
	X1
	X2
	X3
	X4
	X5
	X6
	X7
	X8
	X9
	X10
	
	
	
	
	

	1
	100:20
	100
	80
	400
	5
	2500
	80
	55
	65
	Cyclone
type XVII
	Predicted 
	92.5
	51.03
	63
	31.70

	
	
	
	
	
	
	
	
	
	
	Observed
	94.2  ± 5.6
	52.2 ± 1.84
	63.8 ± 3.63
	32.5 ± 2.82
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Figure 1. Schematic diagram showing laboratory spray dryer with cyclone separator, percentage contribution of each parameter, SEM image of powder and in-vitro release profile of GFT in SLFs.
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