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QbD approach for the development of Lyophilized Methotrexate Nanosuspension: Characterization, and Evaluation of in vitro Anticancer and Pharmacokinetic Study
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Abstract: 
Optimization of high-pressure homogenizer (HPH) technique to fabricate methotrexate nanosuspension (MTX-NS) to enhance its bioavailability was planned using the QbD approach to minimize the errors. The prospective risk factors in formulation development were analyzed using the Ishikawa diagram.  Placket–Burman design was used to screen and investigate the impact of various formulation and process variables on the vital dependent variables. The number of HPH cycles, the concentration of poloxamer 188, and tween 80 were identified as significant factors (P<0.05), which were further optimized by using 53 Central Composite Design. The average particle sizes, the zeta potential of optimized lyophilized MTX-NS were found to be 260 nm,-11.6 mV, respectively. In vitro cytotoxicity studies showed more than 80 % inhibition while apoptotic cells showed shrinkage, followed by fragmentation and cell death. Besides, the Cmax and AUC0-t of the MTX-NS were enhanced by 2.53 and 8.83 folds, respectively. The relative bioavailability was found to be 8.83 folds higher and the distribution of MTX-NS in the liver as compared to MTX- aqueous dispersion was high. Thus QbD approached developed an lyophilized MTX-NS with process understanding and process control based on quality risk management.
Keywords: Nanosuspension; Lyophilized, QbD approach; Central Composite Design; Plackett– Burman Design; In-vivo study.













1. Introduction
Pharmaceutical scientists always have serious issues with the formulation and development of poorly water-soluble drugs, and these difficulties are expected to increase because about 40% or more of the new chemical entities generated by drug discovery are poorly aqueous soluble.1 Whereas, it is more problematic in the case of poorly soluble drugs with poor absorption profile, and bioavailability because it is dissolution rate-limited and can be affected by patient fed or fasted state condition 2. Traditional approaches including solubilization by surfactant, surfactant dispersion, micronization, use of the oily solution, permeation enhancers, which evolved too earlier, that address the challenges of formulation and have limited use.2, 3 The major milestone has been achieved in the development of poorly water-soluble drugs using various newer technology, but till date, there is no universal thumb approach applicable to all active pharmaceutical ingredients.3 Consequently, a new approach has been progressively required to deal with formulation issues that are associated with the delivery of poorly soluble drugs, to enhance their therapeutic efficacy and maximize their pharmacodynamic therapy.2
A drug delivery aims to deliver a sufficient amount of drug to a proper side in the body such that, the optimal concentration of the drug is reached rapidly and then sustained. The development of proper dosage form is an essential element to achieve this objective.4 From its inception, oral drug delivery is the most commonly used route of administering the drug in the various dosage form due to its simple administration, flexibility in the design of dosage form, and its high patient compliance.5 
The Methotrexate (MTX) (2,4-diamino-N10-methyl propyl glutamic acid) is an anticancer agent belong to Biopharmaceutical Classification System Class IV (BCS-IV) employed for different solid tumors viz.  breast cancer, lung cancer, etc. treatment. 6 It has poor water solubility (0.01 mg/mL), low permeability hence consequently very low bioavailability (30– 40%).7, 8 Besides, MTX showed multidrug resistance (MDR) in cancer treatment and produced toxicity to a normal cell of the body. Also, MTX produces several adverse reactions like hepatotoxicity, ulcerative colitis, nephrotoxicity, which resulted in the restriction of its clinical applications.7
Nano-formulation is a comparatively new scientific field that applies nanoengineering to health and medicines. Although nanotechnology has multiple applications in the drug delivery system, the development of nanoparticles (nanoscale: 10-9 m) based formulation has been a key application in pharmaceuticals.3 In recent decades, nanoparticle engineering for pharmaceutical applications has been developed and reported by researchers.9 Among the assorted strategy of conversion of nanoparticles, Nanosuspension (NS) is offering plentiful advantages over conventional oral drug delivery.  NS can be defined as a sub-micron colloidal dispersion of nanosized (1–1000 nm) pure drug particles that are stabilized by surfactant/ polymer or a mixture of both.10 Interestingly, NS gaining much attention in the scientific fraternity due to its numerous benefits such as improving dissolution rate, and consequently bioavailability enhancement of poorly soluble and permeable drugs, enhances the physical and chemical stability of drugs, higher drug loading, dose reduction, etc. 2, 3 It also improves the AUC and Cmax of the drug and consequently improves drug safety and efficacy.11 Besides, in the last two decades, NS has been drawing much attention in the pharmaceutical industry and also has been executed commercially.10 For productive formulation development of the NS various strategy have been reported including top-down (viz. high-pressure homogenization, sonication, etc.) and bottom-up approach (viz: nano-precipitation), etc. 3, 11, 12 Further, the physical stability problem of NS has been overcome by various solidification techniques including rotary evaporation, spray drying, lyophilization, etc. Generally, the technique selection has been done based on the physical properties of active pharmaceutical ingredients and characteristics of the final formulation.10 Among these techniques, lyophilization is predominately employed for the solidification of NS, which provides several benefits such as suitability for drying of thermolabile drugs, enhanced long-term storage stability, easy reconstitution of the formulation before use, and manufacture of high-value formulation without excessive damage.10,11  Furthermore, the development of an oral drug delivery system for anticancer drugs provides the most suitable and easiest way.7 Therefore, the development of MTX in lyophilized NS form can be a useful tool to attempt the above-mentioned facts.  
Owing to the fast onset of action, permeability, solubility, and bioavailability, a novel drug delivery system (NDDS) is well known for its toxicities. Whereas, the cost of such an advanced NDDS is increasing because of a lack of proper understanding and various manufacturing variability’s.11 The International Conference on Harmonization  (ICHQ8) proposed to use the concepts of quality by design (QbD) to formulate the pharmaceutical products as technical criteria.13 Owing to the high incomprehension about the effect of critical processing parameters (CPPs), critical material attributes (CMAs) on the attainment of admirable smaller particle size, and narrow polydispersity index (PDI), researchers stressed for the most challenging manufacturing variability during NS formulation development. 11
Hence, the present study is aimed to develop MTX-NS to improve its oral bioavailability that can increase its clinical efficacy by reducing the oral dose which is required to achieve the same effect and thus reduces its side effects. QbD approach was applied so as to obtain the effect of CMAs and CPPs on critical quality attributes (CQAs) of MTX-NS, reduction in the manufacturing variability, upgrading of safety and quality in a formulation, and controlling the manufacturing cost. QbD approach was applied to understand and optimize the lyophilized preparation of MTX-NS. In the first step, all the possible potential independent variables were screened by the Plackett-Burman design. A predictive model was then developed for critical response variables to evaluate optimal value by Central composite design (CCD) to produces extremely stable and soluble MTX-NS by the High-Pressure Homogenizer (HPH) technique. The MTX-NS developed was stabilized using the lyophilization process.  The MTX-NS was evaluated for their saturation solubility, particle size, and zeta potential analysis, polydispersity index (PDI), crystallinity study, topographical analysis, dissolution efficiency, Apoptosis, and in-vitro cytotoxicity study. Moreover, the in vivo bioavailability and stability study of MTX-NS was also performed. 
2. Material and methods
2.1. Materials
MTX sample was gifted by Cipla Ltd, Goa (India). Tween 80 and mannitol (MNT) was procured from Merck Specialties Pvt. Ltd. Mumbai, (India). Soya lecithin (SL) (PhospholiponR 90 H) was obtained from Lipoid GmbH (Germany). HPLC grade methanol was purchased from Thermo Fisher Scientific Pvt. Ltd. Mumbai, (India). All other reagents used in the experiments were of analytical grade.
2.2. Methods
2.2.1. Screening of the stabilizer and polymers for MTX-NS 
For the formulation development of MTX-NS, appropriate stabilizers were obtained from 20 stabilizers as enlisted beneath,
2.2.1.1. Suspending effect of stabilizers
Initially, the suitable polymers and stabilizers were screened based on suspending concentration of stabilizers viz., Carbomer 940, cremophor EL-40, poloxamer 407, Soya Lecithin (SL), hydroxypropyl methylcellulose (HPMC), tween 80,  sodium lauryl sulfate (SLS), poloxamer 188 (F68), polyethylene glycol (PEG) 6000, span 80, sodium deoxycholate (SDS), polyvinyl pyrrolidone (PVP) K 30, and/or their mixtures on MTX. About 0.5 mg of MTX was added in 0.2 % w/v surfactant solution, followed by shearing with a high-speed homogenizer for 1.5 h (3000rpm), followed by centrifugation at 4000 rpm for 30 min duration. The supernatant was diluted using water as a solvent and drug content was measured by UV visible spectrophotometer at 303 nm. As composites for the development of NS, the stabilizer which has shown an effective suspending effect on MTX, smaller particle size, and lower sedimentation rate were optimized.14-16 
2.2.1.2. Docking tool and algorithm
The virtual interaction among MTX and above-enlisted stabilizers were performed via molecular docking using VLife MDS version 4.6. The chemical structures of enlisted stabilizers and MTX were drawn in a 2D format which was followed by 3D conversion. Finally, these structures were optimized for the docking score. Generally, biopredicta (docking algorithm) is used to predict and study the modes of interaction between two compounds. Herein, the possible interaction between stabilizers and MTX were optimized based on ligand-receptor binding geometry within chemical structures of compounds. Finally, the molecular interaction among stabilizers and MTX were screened to establish the stabilizer's ability to enhance drug solubility and NS stability purpose. 
2.2.2. Formulation and lyophilization of MTX-NS
MTX-NS was fabricated by HPH (Panda PLUS 2000, GEA Niro Soavi, Germany). Pre-nanosuspension was first fabricated using high speed homogenizer to avoid blockage of HPH valve. Here, the 0.5 mg/mL coarse powder of MTX was 17 dispersed in an aqueous stabilizer solution of (0.15% v/v tween 80 and 30 mg of SL) by digital homogenizer (3000 rpm, 1.5 h). Then, the pre-NS was subjected to HPH processing, with three HPH cycles at fixed 250, 700, and 1200 bars. Moreover, this obtained NS was shifted for 1500 bars for maximum cycles. Interestingly, the number of cycles of HPH at constant process temperature can affect the particle size of the formulation. Therefore the MTX-NS showed different particle sizes, concerning process temperature and several cycles. Finally, the obtained NS was shifted to the lyophilization process using a lyophilizer (Freezone12, Labconco, MO, USA) along with the optimized concentration of cryoprotectant (6% w/w mannitol). Initially, the pre-freezing of MTX-NS was performed at -30°C for 12 h. Then, the primary drying process of NS was performed at -53°C and 0.016 mBar for 24 h. Finally, the secondary drying was carried out at 10°C for 8 h followed by 25°C for 4 h. Further drying of obtained lyophilized NS was done by gradually increasing the drying process temperature by 1°C/min. to finish the process. The temperature of the cold trap was maintained at -53°C until the end of the drying process. 
2.2.3. Quality by design
2.2.3.1. Quality target product profile (QTPP)
The primary step in QbD is to define the potential target product profile (TPP) and critical quality attributes (CQA) of the formulation. To this study, the CQAs were enlisted based on a literature survey and preliminary research on the formulation. For the study, CMAs, CPPs have been chosen to satisfy the predefined objective.18 The QTPP, CMAs, and CPPs listed are presented in Table 1. 
Table 1. Study target with CMAs and CPPs
	QTPP
	CMAs
	CPPs

	TPP
	Target
	TPQP
	MoA
	Materials
	Parameters

	Formulation type
	NS
	· Particle size and PDI
	Malvern Zetasizer

	Poloxamer 188 (mg)

	Number of cycles
Time of milling (h)

	
	
	· Particle shape and morphology
	SEM
	
	

	Oral bioavailability
	Enhancement of oral bioavailability
	· Saturation solubility
	Orbital shaker
	Tween 80
(% v/v)
	

	
	
	· In-vitro drug release
	USP apparatus type II
	
	

	
	
	· In-vivo studies
	an indirect method for the assessment of drug in rat plasma
	
	


* TPQP: Target Product Quality Profile; TPP: Target Product Profile; CMA: Critical Material Attribute; QTPP: Quality Target Product Profile; CPP= Critical Processing Parameter; SEM: Scanning Electron Microscopy; USP: United States Pharmacopeia; PCS: Photon Correlation Spectroscopy; PDI: Polydispersity Index.
2.2.3.2. Ishikawa diagram for risk assessment
In the context of risk assessment, the main critical material and process parameters that influence the formulation quality were established. An Ishikawa fishbone diagram is also referred to as a cause-effect diagram, developed to define the CPPs and CMAs. Only three-parameter were indicated as important factors influencing formulation i.e. drug content (DC), average particle size, and entrapment efficiency (EE) as CQAs following the risk analysis using the diagram and preliminary studies.17, 18 
2.2.3.3. Experimental design
Eight independent variables were selected based on risk analysis, (Table 2) namely speed of high-speed homogenizer (pre-NS) (X1), time of homogenizer (pre-NS) (X2), homogenization pressure (X3), number of cycles (X4), the concentration of poloxamer 188 (X5), the concentration of sodium lauryl sulfate (X6), the concentration of tween 80 (X7), the concentration of MTX (X8). For the optimization study of NS, the response surface method was employed. Furthermore, each of these factors were evaluated at two levels, including six center points; Plackett-Burman Design (PB design) was used to study the effect of these variables on the preparation of NS. Design-Expert (Version11.0.5.0, Stat-Ease Inc., MN) software was used for the analysis of three response variables viz., particle size (Y1), DC (Y2), and EE (Y3). The experiment was conducted in random order according to the runs or trial organized by design expert software. Besides, the variable analysis (ANOVA) was used to estimate the significance of interaction and key effects. Factors that have a marginal effect on the reaction variables at a significance level of 95 % have been analyzed and CCD further optimizes the remaining important factors influencing the response variables. 
Table 2. Plackett–Burman Design with independent variables and their responses
	Factors
	Levels

	
	High
	Low

	X1
	Speed of Homogenizer (Preliminary Stage) (rpm)
	8000
	6000

	X2
	Time of Homogenizer (Preliminary Stage) (min.)
	45
	30

	X3
	Homogenization Pressure (Bars * 1000)
	25
	5

	X4
	Number of Cycles
	25
	5

	X5
	Concentration of Poloxamer 188 (mg)
	75
	50

	X6
	Concentration of Sodium Lauryl Sulphate (mg)
	75
	50

	X7
	Concentration of Tween 80 (mL)
	0.75
	0.50

	X8
	Concentration of Methotrexate (mg)
	150
	100



2.2.3.4. Central Composite Design (CCD) for optimization of MTX-NS
After the identification of critical formulation and process variables using PB screening design, 53 CCD response surface methods were used to inspect the optimum levels of the variables. This consisted of two groups of design points, which include two-level factorial design points as -1 and  +1, axial, or star points as -α and +α along with center points as 0. Thus, the effect of three independent variables viz., the concentration of tween 80 (A), the concentration of poloxamer 188  (B) and the number of cycles (C) was studied at five different levels, with the coding of  -α, -1, 0, +1, and +α. Alpha value, 1.6817 fulfills the rotatability in the CCD. Dependent variables selected for the formulation of MTXNPs by CCD were particle size (Y1), DC (Y2) & EE (Y3). Table 3 suggests the coded and actual values of variables. The Design Expert® software was used to generate a CCD matrix with 20 runs, which includes six replicated center points, one axial point, and one replication of fractional point. 
Table 3.  53 Central Composite Design with factors and their responses
	Factors
	Levels

	
	-α
	-1
	0
	+1
	+α

	A
	Concentration of Tween 80 (mL)
	0.05
	0.15
	0.25
	0.35
	0.45

	B
	Concentration of Poloxamer 188 (mg)
	25
	50
	75
	100
	125

	C
	Number of cycles
	10
	20
	30
	40
	50



2.2.4. Process analytical technology (PAT) –Particle size analysis, EE, and DC 
The particle size analysis of developed NS was measured by Zetasizer 300 HAS (Malvern Instruments, Malvern, UK). The EE and DC were calculated by using a UV-visible spectrophotometer (Jasco V-530, Japan) at 303 nm wavelengths. It was used for PAT for NS particle size, EE, and DC.19, 20 
2.2.5. Characterization of NS
2.2.5.1. Particle size analysis  
MTX-NS particle size, polydispersity index (PDI), and zeta potential were measured at 25 °C by dynamic light scattering (DLS) method using Zetasizer 300 HAS (Malvern Instruments, Malvern, UK) in triplicates in a 1 ml disposable polystyrene cuvette. For sample preparation, the 1 mg of lyophilized MTX-NS was diluted in 10 ml water and analysis was performed for independent samples (n=6.18). The values shown on average are the hydrodynamic sample diameter and the PDI value measured is the size distribution width. Besides, the zeta potential of NS was measured at the above-mentioned zeta sizer. It is determined at an average of measurements based on the electrical mobility of particles in an electric field.11, 20
2.2.5.2. Scanning electron microscopy (SEM)                
The morphology of MTX-NS was determined by SEM (JEOL JSM-6360, Japan). Imaging was performed on SEM at a voltage of 20 kV and a high vacuum. Lyophilized MTX-NS was placed on two-sided carbon tape and sputtered using gold-palladium alloy (3–5 nm of thickness) and imaging was captured using SEM.21 
2.2.5.3. X-ray crystallography (XRD) 
Powder XRD analysis of pure drug, physical mixture (PM), and optimized NS were performed using an X-ray diffractometer (Philips analytical XRD, PW 3710) with Cu-Kα radiation (1.54 Å), at 40 kV, 40 mA by passing through a nickel filter. The samples were prepared by spreading the powder samples on the specimen holding ring and further it was subjected to sample angular scan. The samples were analyzed in the 2θ angle range of 5 to 80º. The range and the chart speed were 5 × 103 CPS and 10 mm/º2θ, respectively.21
2.2.5.4. Differential scanning calorimetry (DSC) 
The samples of pure drug, physical mixture (PM), and optimized NS were accurately weighed and filled in aluminum pans followed by a sealing process and then shifted to DSC using Perkin-Elmer Pyris 6 DSC, coupled with Pyris software and equipped with a thermal analyzer (Perkin-Elmer Instruments, Norwalk, USA). Thermo grams were taken from 35 to 300oC with a heating rate of 10°C min−1 using a bare aluminum pan as a reference by heating the sample in the nitrogen atmosphere.11 
2.2.5.5. Fourier transform infrared spectroscopy (FTIR)
The FTIR of the drug, physical mixture (PM), and optimized lyophilized NS were obtained using the FTIR spectrophotometer (Agilent CARY 630 FTIR). The above-mentioned samples were crushed to a fine powder, mulled with potassium bromide, and pressed to form a thin pellet and subjected to analysis.21 
2.2.5.6. Saturation solubility studies
Excess pure drug (MTX) and lyophilized MTX-NS in 10 mL of distilled water were added to their saturation, followed by agitation using an orbital shaker for 48 h at 25°C. The obtained samples were subjected to centrifugation. Then the supernatant layer was analyzed using a UV-visible spectrophotometer at 303 nm.11, 22
2.2.5.7. Total drug content 
About 10 mg of MTX- NS was dissolved in water followed by filtration using 0.45 μm filter paper. Finally, the filtrate was collected and subjected to total DC analysis using a UV-visible spectrophotometer (Shimadzu-1700, Japan) at λ max of 303 nm. The total DC (TDC) and percentage TDC were calculated from equations 1 and 2.16 
TDC = (Vol. total/ Vol. aliquot) x drug in aliquot x 100                                                          Eq. 1
% TDC = TDC / TAD x 100                                                                                                    Eq. 2                                 
Where,
TAD: vol. total/vol. an aliquot is the total volume of NS to the taken aliquot volume and the total amount of drug i.e. TAD is the drug used for the fabrication of NS. 
2.2.5.8. Entrapment efficiency
About 10 mg of MTX- NS was dissolved in 10 ml of water and % EE was determined by ultracentrifugation for 30 min at 10,000 rpm using a cold centrifuge (at 4°C, Remi CM 12 Plus, Mumbai). The supernatant was used to determine free DC (FDC) and obtained sediment was washed with a 0.1 N NaOH solution to determine surface adsorbed drugs (SAD). Finally, the drug solutions were quantified in triplicates at 303 nm using a UV-visible spectrophotometer. EE is the percentage of drug entrapped in nanoparticles and can be calculated using a given formula (Equation).11
% EE = TDC – (FDC + SAD)/TAD x 100                                                                              Eq. 3 
2.2.5.9. In-vitro drug release
Dissolution studies on MTX powder and optimized MTX-NS were performed using USP type-I apparatus (Basket). About 50 mg of weighed quantities of samples were transferred into the dissolution apparatus (Electro lab TDT-08 L, India) containing 900 mL of simulated intestinal fluid (SIF) with pH 6.8 as a medium at 50 rpm with 37±0.5 ºC temperature. For analysis, 5 mL samples were withdrawn at 10, 20, 30, 40, 50, and 60 min. of time points, and the fresh buffer was added for sink condition maintenance. The samples were collected and filtered using the Whatman filter paper (0.25 µm, Whatman Inc., USA) and subjected to UV spectrophotometer analysis at 303 nm.15 
2.2.5.10. Cytotoxicity activity on human breast cancer cell line (MCF-7 cells) 
Cell Culture: Cytotoxicity of optimized MTX-NS and aqueous dispersion (AQD) was studied on human MCF-7 breast cancer cell lines, which were procured from NCCS (National Centre for Cell Sciences), Pune, India. They were stored and nurtured in DMEM (Dulbecco’s modified eagles medium of Sigma Aldrich, USA). Cell lines were cultured and maintained in a 25 cm2 flask of tissue culture with DMEM which was boosted with L-glutamine, 10% FBS, sodium bicarbonate (Merck, Germany), and with an antibiotic solution containing streptomycin (100µg/ml), amphotericin B (2.5µg/ml) and penicillin (100U/ml). These cultured cells were then kept in a CO2 incubator at 37 ºC with  5 % humidity.
MTT assay: In each well of 96 well microtiter plates, about 50 µL 1 × 105 cells/mL cell suspension was seeded and end volume was made to 150 µL by adding DMEM media. Dilutions of NS were made in DMEM media and about 100 µL of different concentrations of NS and their aqueous dispersion (AQD) (62.5, 125, 250, 500, 1000 µg/mL) were added and incubated for 48 h in presence of CO2 incubator at 37 ºC with  5 % humidity. After 48 h, 20 µL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide  (MTT) reagent (5 mg/mL) was added to the wells and the plates were kept for 4 h to incubate in a dark place at room temperature. The plates were covered with aluminum foil as MTT reagent is photosensitive. Without disturbing the precipitated formazan crystals, the supernatant was removed carefully and 100 µL dimethyl sulfoxide (DMSO) was added to dissolve the formed crystals. The OD (optical density) was measured using the ELISA microplate reader at 492 nm. Baseline was obtained using culture medium and the wells with only cells were used as control. With an assessment of colorimetry and spectrophotometry, the in-vitro growth inhibition effect of NS and AQD was measured by the conversion of MTT into “Formazan blue” by living cells. The study was performed in triplicates. The generated dose-response curve was used to estimate the IC50 of test samples required to inhibit the growth of 50% cells. The % growth inhibition was calculated using the following formula (equation 4),
Growth inhibition (%) = Eq. 4   
2.2.5.11. Direct microscopy
The entire plate was observed under an inverted phase-contrast tissue culture microscope after 48 h of treatment with NS and AQD and observations were recorded as a microscopic image. A change in the morphology of cells, like rounding or shrinking, vacuolization, and granulation in the cell cytoplasm is an indication of cytotoxicity.     
2.2.5.12. Apoptosis study by fluorescent microscopy using Eb (Ethidium Bromide) and AO (Acridine Orange) double staining method. 
The MCF-7 cells were washed using cold phosphate buffer saline solution (PBS) after treating them with different concentrations of NS and AQD as 13.2262 µg/mL, 26.4524 µg/mL (LD 50 Concentration), 52.9048 µg/mL for forty-eight-hour, following AO (100 μg/ml) and EtBr (100 μg/ml) stains for 10 min at RT. Further, with 1X PBS solution the cells which are stained are washed twice and were observed under a fluorescent microscope using a blue filter (Zhang et al., 1998). Based on staining reactions, the cells were grouped as normal green nucleus (living cells), bright green colored nucleus with fragmented or condensed chromatin (early apoptotic), orange-colored nuclei with condensation or fragmentation of chromatin (late apoptotic), and uniformly orange-stained cell nuclei (necrotic cells).
2.2.5.13. Pharmacokinetic and biodistribution study in rats
Sprague- Dawley rats (mean weight 200–220 g) were purchased from Global Bioresearch Solutions Pvt. Ltd., Pune. The pharmacokinetic (PK) and biodistribution studies of MTX were performed using the Sprague- Dawley rats model (BVCPK / CPCSEA /IAEC / 01/14/2017-2020). Initially, rats were kept on fast overnight with free access to water ad libitum. For the study, rats were randomly divided into three groups (n = 3). Group I was selected as the test group (MTX-NS), the standard group (group II) was treated with MTX-AQD, and group III (control group) was given a normal saline solution. On the day of the study, the rats have been dosed (40 mg/kg) with optimized MTX-NS and MTX-AQD via oral feeding cannula. Blood samples (0.5 mL) were obtained from the retro-orbital vein at predetermined intervals of 0,  2,  3,  4,  6,  12,  24,  36, 48 hours under mild anesthesia and transferred into a tube containing EDTA.  Finally, blood samples were centrifuged immediately at 3,000 rpm for 10 min at 4oC, and separated plasma and samples were stored at –20 °C. The rats were sacrificed (n=3) using the cervical dislocation method. The distribution of the drug in vital organs is measured after 72 h of dosing. Spleen, liver, heart, brain, lungs, stomach, and kidney tissue samples were homogenized and centrifuged to get clear tissue samples, further stored at -20°C. 
Plasma and tissue sample preparation: The tissue and plasma blood samples have been combined with 20 μL (MTX) solution (5 μg/mL) and deproteinization of the sample was achieved by applying 100 μL acetonitrile to a 50 μL plasma sample and 300 μL acetonitrile to 200 μL of clear homogenates of tissue followed by cold centrifugation (6,000 rpm, 15 min) at 4 °C. The collected transparent supernatant was filtered by a syringe filter (0.20 μm) and injected into the HPLC for the determination of MTX content in tissue and blood samples.19, 23 
2.2.5.14. Pharmacokinetic analysis
A non-compartmental model was used to perform the PK study of the plasma concentration-time profile using Microsoft Excel (Microsoft office 2016). PK parameters obtained directly from plasma data, includes AUC0-t (AU plasma concentration-time curves), Tmax (the time to reach maximum plasma concentration), Cmax (maximum plasma concentration), Kel (elimination rate constant), t1/2 (elimination half-life), Cl (clearance), VD (volume of distribution), MRT (mean residence time), and Frel (relative bioavailability). Lyophilized MTX-NSFrel after oral administration was measured with the AQD as a reference using the following formula (Equation 5).
Frel =                                                                                                          Eq. 5
All data were revealed as ± SD (mean) and the level of significance was taken as P< 0.05 22. While the Absolute bioavailability (F%) is calculated by comparing exposure of drug by extra vascular route of MTX NS to its i.v. administration which is assumed to be 100%. It is calculated by given formula (equation 6):
 X X 100                                                                                                      Eq.6
2.2.5.15. HPLC analysis of MTX
The MTX content was analyzed through reverse-phase (RP)- HPLC (UV detector system, intelligent HPLC pump, Model Jasco PU-2080) using a reverse-phase C18 column (5 μm pore size, 150 mm ×4.6 mm, Phenomenex). The optimized mobile phase was (70:30 v/v ) water and acetonitrile mixture. For separation, HPLC analysis was performed using a constant flow rate (1.0 mL/min), with a 20 μL injection at 25°C column temperature, and 303 nm wavelengths under isocratic conditions. The curve of calibration for MTX in plasma was found within the linear concentration range of 15–100 μg/mL (R2=0.9865) with pazopanib as an internal standard. The experimental outcomes indicate a mean ±SD and < 0.05 level of significance.
2.2.5.16. Stability studies 
The stability studies of optimized lyophilized MTX-NS and liquid MTX-NS were performed [ICH Q1A (R2)]. In brief, the developed formulations were wrapped into aluminum foils and stored in a refrigerator at  4ºC, room temperature, and 40º±2ºC/75±5% relative humidity (in the stability chamber) for 6 months. As per the defined time interval, the DC and particle size were calculated to check the chemical as well as physical stability of developed MTX-NS.11
2.2.5.17. Statistical analysis
The outcomes of the study were analyzed using ANOVA, multilinear regression analysis, and lack-of-fit tests. Student’s t-test where appropriate, was used and expressed as mean ± SD (n=3), to test the statistical significance.11 
3. Results and discussion
3.1. Screening of the stabilizer for MTX-NS
3.1.1. Suspending effect of stabilizers on MTX
In the development of NS, stabilizers and polymers play a crucial role. A lack of adequate stabilizers causes aggregation of nano-sized drug particles due to extremely free of surface energy. An admirable stabilizer efficiently decreases the nanoparticle's surface energy by dispersing them at a water and particle interface to avoid particulate accumulation in the NS. Moreover, the ionic/steric barrier is therefore stopped from Ostwald’s ripening. A stable MTX-NS system with a suitable stabilizer was optimized by various factors such as sedimentation effect, suspending effects, and particle size analysis (Table 4).14, 24 
Table 4:  Suspending concentrations and particle size of MTX in different stabilizer systems for MTX-NS
	Stabilizers*
	Concentration of  MTX**
(µg/ml)
	Particle size (nm) **
	Stabilizers*
	Concentration of  MTX**
(µg/ml)
	Particle size
(nm) **

	Tween 80
	119.14±0.14
	301.65±1.45
	SL/SDS
	111.32±0.24
	564.98±3.45

	Sodium lauryl sulphate (SLS)
	112.83±0.21
	349.09±2.18
	SLS/ Poloxamer 407
	117.72±0.18
	387.09±3.42

	Poloxamer 188
	126.09±0.31
	293.46±3.32
	Poloxamer 407/ Tween 80
	119.23±0.12
	345.67±2.54

	Poloxamer 407
	101.81±0.24
	312.45±2.34
	Tween 80/ Carbomer 940
	51.82±0.21
	573.45±2.98

	HPMC-K5
	109.59±0.17
	765.90±1.44
	Tween 80/ SLS
	101.44±0.24
	535.07±2.70

	Soya lecithin (SL)
	41.84±0.19
	352.77±2.56
	SDS/ Poloxamer 407
	95.04±0.54
	376.88±2.54

	Cremophor EL-  40
	103.25±0.32
	675.43±2.43
	Tween 80 / HPMC-K5
	105.15±0.65
	389.56±3.44

	Sodium deoxycholate (SDS)
	88.28±0.28
	673.09±2.78
	Tween 80/ SDS
	54.93±0.24
	409.99±2.33

	Carbomer 940
	69.97±0.27
	456.98±3.45
	Tween 80/ SL
	56.17±0.45
	456.98±3.01

	PVP K30
	98.87±0.18
	345.65±3.54
	Poloxamer 407/ SL
	41.48±0.74
	378.01±3.21

	PEG 6000
	110.59±0.16
	345.09±2.54
	SLS/soya lecithin/ PEG 6000
	110.63±0.23
	421.98±2.45

	Span 80
	85.87±0.22
	665.98±2.43
	Tween 80/SLS/ Poloxamer 188
	198.88±0.31
	372.89±2.43

	Poloxamer 188/ SLS
	51.94±0.11
	435.98±2.87
	Soya lecithin /Poloxamer 407/ SLS
	99.43±0.22
	332.45±1.03

	Tween 80/
Poloxamer 188
	115.21±0.27
	389.09±3.33
	Tween 80/ SLS/ SL
	104.23±0.28
	406.09±2.09


* All the above ratios of different types of stabilizers in a single system are represented in 1:1 (w/w) or 1:1:1 (w/w/w), except that the ratio of Carbomer and Tween 80 was 1:0.5 (w/w). ** Results presented as means ± SD (n = 3).
The combination of poloxamer 188/ tween 80/SLS (198.87 ± 0.01 μg/ml) presented superior suspending effect on MTX, followed by poloxamer 188 (126 ± 0.05μg/ml), ween 80 (119.14± 0.04 μg/ml), and SLS ( 112.83 ± 0.05 μg/ml ). While the particle size of the formulation prepared by poloxamer 188/ tween 80/SLS, poloxamer 188, tween 80, and SLS was found to be 332.45±1.03, 293.46±3.32, 301.65±1.45, and 349.09±2.18 nm respectively. Poloxamer 188, tween 80, and SLS did not produce stratification and sedimentation. The high surface free energy of nanosized particles makes NS a highly unstable thermodynamic system. Thus, to optimize the surfactant and stabilizer system and to stabilize the nanosuspension, the CCD response surface was designed to finalize the surfactant and their concentration from the above results, with the highest electric repulsions.

3.1.2. Molecular docking
The interactions between MTX and stabilizers show that stabilizers can solubilize drugs to improve their stability in the present study. Figure 1 shows the virtual interaction between MTX and stabilizers. In this study, the MTX and stabilizers lead to strong interaction by using less binding energy with strong hydrogen, hydrophobic, and Vander Waal interactions. This means that stronger hydrogen bonding between the MTX and stabilizers like Poloxamer 188 and Tween 80 can virtually improve the stability and solubility of MTX.
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Figure 1. Docking study: a) interaction of MTX with Poloxamer 188, b) interaction of MTX with tween 80. *Colour code Light blue: Vander Waal interaction, Green: Hydrogen bonding
3.2. Process Analytical Technology (PAT): – Particle Analysis, %EE, and DC
MTX-NS was developed using Tween 80 as a stabilizer and Poloxamer 188 as polymers with the applications of the QbD.17 As a result of the PAT study, the particle size, EE, and DC of the developed NS were found to be in the range of 239.30- 309.60 nm, 99.42-99.96 %, and 87.56-88.32% respectively. 
3.3. Quality by design
3.3.1. Ishikawa diagram
For identification of possible risks of process and formulation variables on the CQAs, viz., DC, EE, and particle size of MTX-NS an Ishikawa diagram was established (Figure 2). As a result of risk analysis, the 8 possible risk factors were identified based on preliminary experiments and prior knowledge and were further evaluated using experimental designs.11
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Figure 2. Ishikawa Diagram illustrating process and formulation variables that may have an inﬂuence on the properties of MTX-NS
3.3.2. Plackett–Burman design
PB design is carried out by introducing 8 factors, at 2 levels, with 12 runs to screen the significant formulation and process variables for the development of MTX-NS. The formulations were piloted and the resulting response values are listed in Table 5. The significant and most contributing factors for first response i.e. particle size (Y1) were the speed of homogenizer (X1, pre-NS), the concentration of tween 80 (X7), and the concentration of poloxamer (X5) respectively (Table 6, Figure 3). The value of R2 found was 0.8990, which indicates a significant model fitting of the tested model. From ANOVA the p-value for main effects obtained was 0.1750, which was not statistically signiﬁcant. Hence, by using CCD most signiﬁcant factors were further evaluated. The particle size plays a crucial role for MTX-NS as they affect the stability, drug release, bioavailability and biodistribution, and cellular uptake of drugs. 
Table 5. Plackett–Burman experimental design matrix with observed values of response variables.
	Batch code
	X1
(rpm)
	X2
(min.)
	X3
( Bars * 1000)
	X4
	X5
(mg)
	X6
(mg)
	X7
(mg)
	X8
(mg)
	Y1* (nm)
	Y2* (%)
	Y3*
(%)

	1
	1
	-1
	1
	1
	-1
	1
	1
	1
	141
	76.13
	83.85

	2
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	208
	73.55
	76.44

	3
	-1
	-1
	-1
	1
	-1
	1
	1
	-1
	167
	64.36
	65.63

	4
	-1
	-1
	1
	-1
	1
	1
	-1
	1
	215
	74.63
	75.36

	5
	-1
	1
	-1
	1
	1
	-1
	1
	1
	152
	92.56
	93.44

	6
	-1
	1
	1
	1
	-1
	-1
	-1
	1
	228
	77.13
	78.88

	7
	1
	1
	-1
	1
	1
	1
	-1
	-1
	188
	97.5
	98.25

	8
	1
	1
	1
	-1
	-1
	-1
	1
	-1
	202
	69.28
	70.71

	9
	-1
	1
	1
	-1
	1
	1
	1
	-1
	199
	76.5
	77.5

	10
	1
	1
	-1
	-1
	-1
	1
	-1
	1
	151
	76.5
	77.5

	11
	1
	-1
	-1
	-1
	1
	-1
	1
	1
	175
	72.92
	72.71

	12
	1
	-1
	1
	1
	1
	-1
	-1
	-1
	220
	67.98
	79.09

	* Y1= Particle size; *Y2=Drug content; *Y3=Entrapment efficiency



Table 6. ANOVA analysis for response variables in Plackett – Burman design matrix
	Factors
	Y1: Particle size (nm)
	Y2: Drug content             (%)
	Y3: Entrapment efficiency (%)

	
	p value
	% Contribution
	p value
	% Contribution
	p value
	% Contribution

	β0
	:
	Constant
	0.1750
	-
	0.2884
	-
	0.6909
	-

	A
	:
	Speed of homogenizer* (rpm)
	0.0715
	25.23
	0.1953
	13.78
	0.1552
	1.59

	B
	:
	Time of homogenizer* (min.)
	0.8133
	0.22
	0.1761
	15.52
	0.7078
	1.96

	C
	:
	Homogenization pressure* (Bar*1000)
	0.8591
	0.13
	0.3962
	4.87
	0.4430
	2.32

	D
	:
	Number of cycles
	0.5473
	1.54
	0.1283
	21.72
	0.7350
	41.18

	E
	:
	Concentration of Poloxamer 188 (mg)
	0.0550
	31.52
	0.1339
	20.80
	0.8210
	8.53

	F
	:
	Concentration of SLS* (mg)
	0.5473
	1.54
	0.5495
	2.26
	0.4530
	0.70

	G
	:
	Concentration of Tween 80 (mg)
	0.0594
	29.56
	0.4109
	4.53
	0.6842
	8.96

	H
	:
	Concentration of Methotrexate* (mg)
	0.8361
	0.17
	0.6175
	1.54
	0.9141
	0.16

	*Not included in a model of particle size, drug content, and entrapment efficiency.
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Figure 3: The half-normal plot and Pareto charts showing the significant process and formulation variables on drug content, entrapment efficiency, and particle size.
Following polynomial equation 7 can describe Y1, 
Particle size = +187.17-14.17*A+1.33*B-1.00*C+3.50*D -15.83*E+3.50* F+15.33* G-1.17* H                                                                                 Eq. 7                                                                                                                                                  
The equation represents, with an increase in the concentration of SLS and concentration of tween 80, there is an increase in average particle size, while increasing the concentration of poloxamer 188, decreases the average particle size (Y1). Particle size also decreases with an increasing speed of homogenizer and pressure of high-pressure homogenizer, with increasing MTX concentration. The decreased size of particles is also seen with the increasing time of homogenizer and the number of cycles of HPH. Thus, from all the process variables, the percentage contribution for average particle size is a concentration of tween 80 (29.56 %), the concentration of poloxamer 188 (31.52 %), and the speed of homogenizer (25.23 %), respectively. The smallest particle of 141 nm could be achieved by experimenting using 0.5 mL of tween 80, 75 mg of poloxamer 188 at 8000 rpm speed.
For the DC (Y2), the most contributed and significant factors were the time of homogenizer (X2), the number of cycles (X4), and the concentration of poloxamer 188 (X5), respectively (Table 5) (Figure 3).  The R2 value was 0.8502 indicating a significant ﬁt for the model being tested. From ANOVA the p-value for main effects obtained was 0.2884, which was not statistically signiﬁcant. Hence, CCD was used for further signiﬁcant factors evaluation. DC has a chief part in a therapeutic activity at a given dose of MTX in NS.
Following polynomial equation 8 describes Y2, 
DC = +86.58+ 2.18*A+2.31*B-1.30*C +2.74*D-2.67*E -0.88*F-1.25*G+ 0.73*H              Eq. 8                               
Polynomial equation 8 represents that, DC (Y2) was increased with increasing concentration of MTX and speed of homogenizer, while it decreases with an increasing concentration of poloxamer 188, SLS, and tween 80, respectively. It also increases with an increasing number of HPH cycles and time of homogenizer. DC also decreases with the increasing pressure of HPH. From all the process variables, the % contribution of a time of homogenizer (15.52 %), number of cycles (21.72 %), and concentration of poloxamer 188 (20.80 %) influences DC, respectively. Thus, to achieve 97.50 % of DC in MTX-NS could be achieved by experimenting using 50 mg of poloxamer 188 for 45 min homogenization at 25 cycles of HPH.
For the EE (Y3), the most contributed and significant factors were the number of cycles of HPH (X4), the concentration of tween 80 (X7), and the concentration of poloxamer 188 (X5), respectively (Table 5, Figure 3). The R2 value was 0.6540 indicating a significant ﬁt for the model being tested. From ANOVA the p-value for main effects obtained was 0.6909, which was statistically not signiﬁcant. Hence, CCD was used for further evaluation of signiﬁcant factors. Percent EE has a chief part in the entrapment of MTX in stabilizer vesicles to stabilize NS.
Following polynomial equation 9 can describe Y3, 
 Percent EE=   +79.72-1.92*A-0.42*B+0.90*C + 0.38*D-0.25*E-0.87*F +0.45 *G-0.12*H 
Eq.  9
Polynomial equation 9 represents that, EE (Y3) was decreased with an increasing speed of homogenizer, followed by increasing concentration of poloxamer 188 and SLS. It also decreases with the increasing time of homogenizer and MTX. It also increases with increasing pressure and the number of cycles of HPH, followed by tween 80 concentrations, respectively. From all the process variables, the % contribution of concentration of tween 80 (8.96 %), poloxamer 188 (8.53 %), and a number of cycles for HPH (41.18 %) influenced EE, respectively. Thus, to achieve 85.09 % of EE in MTX-NS, experiments can be performed by using 50 mg of poloxamer 188 and 0.5 ml of tween 80 at 25 cycles of HPH.
3.3.3. Optimization of MTX-NS by central composite design
3.3.3.1. Model fitting 
By design of expert (DOE), 20 runs were proposed and the input of predicted and observed values for Y1, Y2, and Y3 responses range from 229.3 to 300.6 nm, 85.56 to 89.43 % and 99.02 to 99.96 % respectively (Table 7). Using DOE software, the obtained responses were fitted to cubic, 2FI, quadratic and linear models. As the R2 values were greater than 0.9, and both the predicted and observed values were less comparable with standard deviations (SD) (< 1.0 %) and precision values, the best-fitted model for Y1, Y2 and Y3 were quadratic 25. For each response, inputs for linear model parameters are reported in Table 8. As the ratios of maximum to minimum responses values were less than 10, transformation is not necessary (Y1 =5.61; Y2 = 2.46; Y3 = 8.22). 
Table 7. CCD matrix with predicted and observed values of responses
	Independent variables
	Dependent variables

	
	Observed values
	Predicted values

	Batch
	A
(mg)
	B
(mg)
	C
	Y1*
(nm)
	Y2*
(%)
	Y3*
(%)
	Y1
(nm)
	Y2
(%)
	Y3
(%)

	1
	-1
	1
	1
	280.60
	87.67
	99.92
	280.09
	86.85
	99.77

	2
	0
	0
	0
	272.80
	88.64
	99.20
	268.92
	88.43
	99.13

	3
	0
	0
	0
	270.30
	88.58
	99.19
	268.92
	88.43
	99.13

	4
	0
	0
	0
	269.40
	88.13
	99.13
	268.92
	88.43
	99.13

	5
	0
	0
	1.68179
	260.40
	86.80
	99.68
	274.21
	86.96
	99.64

	6
	-1.68179
	0
	0
	289.40
	85.89
	99.55
	289.51
	86.56
	99.78

	7
	1
	1
	-1
	278.20
	88.39
	99.67
	281.22
	86.85
	99.52

	8
	0
	0
	0
	268.50
	88.12
	99.06
	268.92
	88.43
	99.13

	9
	0
	-1.68179
	0
	250.00
	86.32
	99.65
	244.69
	86.95
	99.61

	10
	1
	-1
	-1
	300.60
	87.32
	99.56
	294.22
	86.95
	99.57

	11
	1
	-1
	1
	273.20
	89.43
	99.45
	277.25
	88.64
	99.54

	12
	1
	1
	1
	275.40
	86.74
	99.66
	252.95
	86.76
	99.68

	13
	0
	0
	0
	263.80
	88.96
	99.02
	268.92
	88.43
	99.13

	14
	0
	0
	-1.68179
	292.20
	85.26
	99.43
	288.12
	86.78
	99.66

	15
	0
	0
	0
	270.40
	88.44
	99.23
	268.92
	88.43
	99.13

	16
	-1
	-1
	1
	277.40
	85.62
	99.64
	267.50
	85.96
	99.65

	17
	-1
	-1
	-1
	240.20
	86.84
	99.99
	255.77
	85.63
	99.84

	18
	-1
	1
	-1
	290.60
	88.73
	100.0
	279.66
	88.32
	99.78

	19
	1.68179
	0
	0
	289.40
	86.57
	99.52
	299.02
	87.59
	99.47

	20
	0
	1.68179
	0
	229.30
	86.56
	99.43
	244.34
	87.62
	99.67

	* Y1= Particle size; *Y2=Drug content; *Y3=Entrapment efficiency.



Table 8. Results of Quadratic model for regression analysis of response variables Y1, Y2 and 3
	Quadratic  model
	R2
	Adjusted R2
	Predicted R2
	SD
	% CV

	Y1
	0.7225
	0.4728
	-1.2310
	12.77
	4.69

	Y2
	0.5943
	0.2292
	-2.0628
	1.07
	1.22

	Y3
	0.7979
	0.6160
	-0.4017
	0.1818
	0.1828



3.3.3.2. Analysis of response surface plots 
Response surface plots were extensively employed for the study of interaction effects of selected factors on their responses and relationships. Thus, we have constructed a surface response plot for three responses (Y1, Y2, and Y3), which are depicted in Figure 4.
Effect on Size of Particle (Y1)
The proposed polynomial equation 10 for particle size is as follows,
Y1 =+268.92+2.83 (A) -0.10 (B) -4.14 (C) Eq. 10
Where, Y1 is particle size, (A) concentration of tween 80, (B) concentration of poloxamer 188, (C) number of cycles for MTX-NS formulation by HPH. 
The F value was 2.89, which demonstrated that the used model was significant. While their model terms were not significant as the Prob>F p-value is <0.0567, hence these models are used to develop the design space. The impact of independent factors on particle size was studied using 3D response surface plots. The Y1 responses predicted values range from 244.34 to 299.02 nm. The positive value of the coefficient represents an increasing particle size. Figure 4a, predicts that as the concentration of tween 80 (A) increases from 0.05 to 0.45 ml, the particle starts to aggregate. It may because of the saturation of surfactant in NS, as formed particles are adsorbed by an excess concentration of surfactant present in NS. When the concentration of poloxamer (B) increases from 25 to 105 mg respectively, it prohibits the re-aggregation of dispersed particles leading to the existence of smaller bodies in NS. Further, it resulted in the decreased particle size of NS. The number of cycles (C) for HPH shows a direct relationship with particle size, with increased C the size of particle decreases. Effectively, the coefficient with a negative value is represented by decreasing particle size. An increase in the number of cycles leads to a reduction in the size of the particle of NS by increasing the viscosity of the system, which inhibits the Ostwald ripening. This is the reason for particle size reduction. Thus, it is a CQA and the factors i.e. concentration of poloxamer 188 and number of the cycle that affects particle size was optimized by CCD.
Effect on DC (Y2)
The proposed polynomial equation 11 for DC is as follows,
Y2=+88.42+ 0.3055(A) + 0.1995(B) + 0.0560(C)                                                                 Eq. 11
The predicted Y2 response values range from 85.63 to 88.78 %. The design was not significant as the F value was 1.63, while model terms were not significant as the Prob>F, a p-value is <0.2292, hence these models were not used to develop the design space. Here as ‘A’ increases, there is an increase in DC. While the concentration of ‘B’ shows an increasing effect on DC (Figure 4B). DC also increases with increasing ‘C’. The amount of drug i.e. dose present in nanoparticles is significant to study for the dissolution and pharmacokinetic parameters. However, DC had the most important effect on drug dissolution, which directly affects drug absorption and thus bioavailability.
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Figure 4. A)3D surface response plot showing:  a) The effect of factor A (Concentration of tween 80) and factor B (concentration of poloxamer 188) on response Y1 (particle size). 
B) The effect of factor A (Concentration of tween 80) and factor B (concentration of poloxamer 188) on response Y2 (drug content). 
C) The effect of factor A (Concentration of tween 80) and factor B (concentration of poloxamer 188) on response Y2 (drug content).
Effect on EE (Y3)
The proposed polynomial equation 12 for % EE is as follows,
Y3=+99.13-0.092 (A) +0.018(B) -0.078 (C)                                                                          Eq. 12
The predicted values of Y3 are displayed in Table 7 and ranges from 99.13- 99.78%. The design was observed as significant as the p-value was 0.0152. As p-values are < 0.05 indicating significant terms of the model. The 3D surface response plots are displayed in Figure 4C, which predicts the % EE with the effect of factor and their responses. The significant interaction of poloxamer 188 with MTX in NS resulted in the directly proportional relationship in factor ‘B’ and the EE. While the increase in the concentration of tween 80 and the number of cycles of HPH, consequently decreases the % EE of NS. Optimum EE allows the controlled release of MTX from NS. EE increases the drug loading capacity of NS with increased dosing intervals, less toxicity because of the excipients and residual solvents, and more appropriate dosing. 
3.3.4. Optimization Model Validation  
To achieve the predicted (software suggestions) composition, targeted criteria were fed into the software. The software-suggested values were selected as a region of interest based on desirability values and were practically used for their verification. The design expert software was used to statistically validate the obtained polynomials by ANOVA. The design space was constructed using a graphical method for this study. The desirability values based on selected software suggestions were observed as 1, providing 100 % assurances to achieve the targeted product with efficient CPPs and CMAs. Thus greater desirability value more possibility to gain the target product (Figure 5). The final formulation was prepared with optimized CPPs and CMAs, and its CQAs were analyzed. The predicted and actual results of CQAs were used to calculate the values of residuals to ensure the attainment of the design space. The calculation of residual values is also a verification/validation of the model and CQAs. The values of residuals were calculated as percent residual using the following formula:
 Eq. 13
The optimized CPPs and CMAs with residual values of CQAs are summarized in Table 9. 
Table 9. Residual values of CQAs of optimized formulations
	Response parameters
	CMAs/CPPs
	CQAs

	
	Concentration of Tween 80
(% v/v)
	Concentration of Poloxamer 188
(mg)
	Number of cycles
	Particle size
(nm)
	Drug content
(%)
	% EE

	Software-predicted results
	0.10
	75
	25
	259.71
	87.35
	99.35

	Actual obtained results
	0.10
	76
	25
	260±0.25
	88.65±0.24
	99.42±0.24

	Residual values (%)
	-
	-
	-
	-1.27
	-1.47
	-0.07



The residuals were observed with very low value (-1.27 to -0.07) which indicates that the obtained results with software predicted one has a very strong correlation. Residuals with lower value have more reproducibility and lesser variation of CQAs with the optimized CPPs and CMAs. The impact of concentration of tween 80 and concentration of poloxamer 188 (independent variables) was observed as more predominant from DOE results. The number of cycles favors the size of particles and the DC of MTX-NS. Thus to enhance the adaptability of the method, the number of cycles was fixed to 25 cycles and by using the remaining two factors the design space was developed. The overlay plot obtained from DOE software (Figure 6) shows the design space to select the optimum tween 80 and poloxamer 188 concentrations to prepare highly stable NS with higher EE and lower size of particles. The three points that are located in the design space predicts good responses. By changing the composition of factors ‘A’ and ‘B’ as per design space and keeping the number of cycles fix, three formulations, MTX-NS1, MTX-NS2, MTX-NS3 were developed and then characterized for three dependent variables. The plots constructed between observed and predicted responses showed a better relationship between the observed (actual) and theoretical (predicted) values for particle size (Y1), DC (Y2), and EE (Y3) responses (Table 10 and Figure 6). Negligible changes were seen in DC, EE, and particle size of MTX-NS1, MTX-NS2, and MTX-NS3 as compared to the above formulations. The MTX-NS3 was selected as an optimized MTX-NS formulation based on the data obtained from the three responses. Further, they were dried using Lyophilizer with 6% of mannitol as an optimized cryoprotectant to stabilize the system.  
Table 10. Results of optimized batches obtained from an overlay plot of Design expert software
	Optimized batch
	Independent variables
	Dependent variables

	
	
	Observed value
	Predicted value

	
	A
	B
	C
	Y1
	Y2
	Y3
	Y1
	Y2
	Y3

	MTX-NS1
	0.12
	75.8
	25
	271±0.32
	88.45±0.33
	99.32±0.36
	272.43
	88.23
	99.45

	MTX-NS2
	0.13
	74.2
	25
	267±0.24
	87.20±0.54
	99.20±0.31
	266.16
	87.80
	99.31

	MTX-NS3
	0.10
	76
	25
	260±0.25
	88.65±0.24
	99.42±0.24
	259.71
	87.35
	99.35
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Figure 5. Contour plot showing the desirability value and predicted values obtained from the AB model term.
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Figure 6. Overlay plot proposed by the DOE software displaying design space in yellow color along with the compositions of selected optimized formulations with the responses
3.3.5. Particle size and zeta-potential analysis  
MTX is a coarse micronized powder with fine texture, poor flow property, and aqueous solubility. The average particle diameter of pure MTX was 16.64 ± 8.55, µm, indicating broad particle size distribution (PI: 0.945). The freshly prepared NS was lyophilized to enhance product stability. The lyophilized MTX-NS powder was smooth in appearance with the particle size of 260±0.25 nm, respectively (Figure 7A) which was easily re-dispersed upon gentle shaking. The PDI represents size distribution and the potency of the measured average diameter of the drug components determined by the DLS system. Optimized lyophilized MTX-NS, showed, PDI value 0.212 ± 0.33, respectively indicating a narrow distribution of particle size. The lower PDI value indicates better stability of NS. Narrow and uniform particle size distribution favors dissolution enhancement, boosts intestinal absorption, and improves oral bioavailability.
Another important significant index is zeta potential, which directly affects the dispersion system stability, as it reflects steric or electrostatic barriers preventing agglomeration and aggregation of 
[image: C:\Users\Dell\Downloads\zeta and particle size.png]nanoparticles. When drug particles possess very low values of zeta it provides appropriate steric or electric repulsion between each other, aggregation of particles is likely to occur. The zeta of reconstituted MTX-NS was found to be -11.6 ± 7.52 mV, which indicates the admirable physical stability of the developed nanosystem (Figure 7 B).
Figure 7. A) Average particle size for optimized batch MTX-NS. B] Zeta potential for MTX-NS optimized batch
3.3.6. Saturation solubility studies
The saturation solubility (SS) studies of pure drug MTX with their optimized lyophilized formulations viz., MTX-NS was done using double distilled water. The SS of MTX-NS was 1487.23± 0.064, µg/ml, respectively. While for coarse MTX, the SS was 178.96±0.02 µg/ml. Here the SS of MTX, in NS form is increased by 8.31 folds. This is because of the decreased size of particles and the enhanced surface area of NS as compared to pure drugs. Ostwald Freundlich equation states that decreasing particle size increases saturation solubility (Cs)
                                                                                                                     Eq. 14
Where, s = substance interfacial tension, R = gas constant, C = solids solubility with large particles, r1 = density of the solid, Cs = solubility, r = radius, V = particle molar volume, and T = absolute temperature. Another reason that increases saturation solubility is explained by the Kelvin equation, which suggests that with increased curvature the dissolution pressure increases with decreasing particle size. The particle size when reduced to the nanometer range, the curvatures then formed are enormous.
3.3.7. Surface topographical studies 
3.3.7.1. Scanning electron microscopy (SEM)
SEM of MTX shown that the coarse MTX particles bear an average size of particle 16.64 – 17.5 μm with broad size distribution and mostly composed of drug crystals that are fragmented (Figure 8 a). The SEM (Figure 8 b) of optimized lyophilized MTX-NS showed that particles were discrete and aligned in intimate contact as fiber-like structures with an absence of agglomeration that may be assigned by the presence of a stabilizer. Thus, indicated that lyophilization avoids aggregation of particles. The NS had a porous surface and were found slightly elongated but not completely spherical. These pores may be developed because of solvent evaporation from the surface of MTX-NS during lyophilization. Thus SEM confirms that the larger scaly particles of MTX were successfully converted to nearly elongated, smaller sized nanoparticles with a smoother surface on size reduction. This concludes that the crystalline nature of MTX was lost during the fabrication of the MTX-NS.  The obtained NS particles were readily redispersible. SEM analysis also revealed that stabilizer-drug interaction leads to a matrix structure that is different from pure drug SEM images. This means that drug molecules are completely dispersed in the surfactant structures leading to the formation of nanoparticles. After lyophilization, the size of the MTX-NS particle was increased to a lesser extent but smaller than MTX. SEM images of MTX-NS showed quasispherical spheres and the size of the particle obtained was in correlation with the results of DLS.
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 Figure 8. A) SEM images of pure MTX (B) Optimized MTX-NS
3.3.8. Crystallographic investigation 
3.3.8.1. Differential scanning calorimetry (DSC) 
The stability and dissolution behavior of compounds are influenced by their crystalline state. During the HPH process, a high-energy input was generated because of high powered density in the piston-gap of the homogenizer. This increases the amorphous portion or complete amorphization of drug particles by changing their crystalline state. These extents of changes depend on applied pressure along with the physical hardness and chemical nature of the drug compound. Thermal analysis of MTX, physical mixtures of MTX, and optimized formulations were performed to study the differences in the solid-state of MTX.  The results of the DSC analysis are displayed in Figure 9. Coarse MTX powder showed a sharp distinct endothermic peak at 117.45 °C, which was the marked intrinsic melting point peak of MTX, while DSC of the physical mixture was showed two distinct melting endotherm at 48.62 °C and 167.02 °C, respectively. Whereas, the freeze-dried MTX-NS powder were recorded a sharp melting endotherm at 167.54 °C respectively. 
The mannitol showed a sharp endothermic peak at 168.74 °C, which confirms the high crystalline nature of mannitol. The characteristic peak of MTX extinct in the thermogram of lyophilized optimized MTX-NS, and physical mixture. These changes are predicted because of the dilution effect of excipients on MTX, especially at a higher concentration of mannitol that had covered the MTX melting peak. Thus, the crystallinity of MTX disappeared or decreased because of its encapsulation by stabilizers. The state of MTX in NS was not simply physically mixed but may exist as either amorphous or as molecular dispersion form in NS; these changes are because of the interactions between MTX, poloxamer 188, and tween 80. Data obtained from DSC fails to explain factual changes that occurred in drug crystals during formulation processing. The results of XRD analysis further confirmed the existing state of MTX loaded in MTX-NS.
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Figure 9.  DSC Thermogram of A) Pure MTX B) Optimized MTX-NS C) Physical mixture D) Mannitol
3.3.8.2. X-ray powder diffraction (XRPD) 
The crystalline state of lyophilized MTX-NS was confirmed by performing XRPD of coarse MTX powder, physical mixture, and optimized lyophilized MTX-NS. XRPD was used to analyze the probable changes in the physical nature of MTX-NS that occurred because of the development of a high-energy disintegration process. The chemical nature and physical hardness of the drug along with applied pressure are responsible for such changes. The XRPD patterns of powder MTX, physical mixtures, and optimized lyophilized MTX-NS are displayed in Figure 10. Sharp characteristic diffraction peaks were exhibited by MTX at 2θ of 7.58°, 9.2°, 11.42°, 11.92°, 12.82°, 14.32°, 15.38°, 15.94°, 17.68°, 19.36°, 19.46°, 21.38°,22.34°,24.18°, 25.34°, 24.16°, 26.06°, 26.01°, 26.96° and 27.82° and several short peaks between 2θ of 30.66° and 80°, indicating its highly crystalline nature. The physical mixtures demonstrated reflections at 2θ of 9.44°, 13.4°, 17°, 18.5°, 20.12°, and 21.04° with similar intensities as compared to MTX and higher intensities then MTX-NS. The physical mixture showed additional peaks similar to that of [image: ]the parent crystalline compound. 
















Figure 10. PXRD Spectra of A) Pure MTX B) Optimized MTX-NS C) Physical mixture
Lyophilized MTX-NS showed four diffraction lines but at lesser intensities, as compared to MTX at 2θ of 9.62°, 13.6°, 17.16°,19.8°, 20.32°, 21.26°, 22.02°, 24.62° and 36.16° with the additional peaks because of the presence of mannitol.  In the PXRD spectra of lyophilized MTX-NS, the characteristic peaks of MTX were absent because of the dilution effect influenced by mannitol, without any qualitative variations in the diffractogram of MTX. This pattern revealed that the MTX-NS, were not completely amorphous in the state, hence the crystalline state of MTX and optimized lyophilized MTX-NS, were different, indicating the HPH technique, and lyophilization process did induce polymorphic transition or crystalline changes in the drug. Thus, amorphous form conversion enhances the solubility, thus enhances the rate of dissolution and the bioavailability of MTX. The state of MTX in NS was not simply physically mixed but may exist as either amorphous or as molecular dispersion form in NS, these changes are because of the interactions between MTX, poloxamer 188, and tween 80. Moreover, the same induced properties and results were confirmed by previously mentioned studies.
3.3.9. FTIR 
FTIR provides information about the feasible molecular interactions between MTX and excipients used for the development of formulation.  The FTIR spectra of MTX coarse powder, physical mixture, and optimized lyophilized MTX-NS are disclosed in Figure 11.  The FTIR spectra of MTX coarse powder revealed that the characteristic peaks at 1638.723 cm-1, 1596.460 cm-1, 1539.795 cm-1, 1203.513 cm-1, 1489.028 cm-1, and 1305 cm-1 had attributed to C=C stretching and O-H stretching and deformation. The FTIR spectra of MTX-NS shows broadening of peaks at 3268.52 cm-1 of OH bonding and C-H stretching at 2936.308 cm-1 because of the diluting effect of mannitol or by H- bond formation between the poloxamer 188 and tween 80. An extra peak was observed in MTX-NS at 1456.77 cm-1 that imputable because of the interaction between mannitol and excipients used for the development of MTX-NS. This showed that MTX was adsorbed onto the nanoparticle surface either by weak H-bonding between the COO-groups of MTX and the OH-groups of poloxamer 188 or by ionic bonds formed between the NH2 groups of MTX and the COO-groups present in mannitol and tween 80. MTX has dispersed in the tween 80 and poloxamer 188 matrices in the microcrystalline form without polymorphic changes or transition into an amorphous form. Broadening at 708.421 cm-1 is because of the H- bond formation between the MTX and tween 80. The absence of characteristics peaks of MTX at 1638.723 cm-1, 1596.460 cm-1, and 1489.028 cm-1 in MTX-NS is because of overlapping peaks of mannitol and tween 80. Furthermore, the shifting of peaks to its lower wave number and broadening of characteristic peaks of MTX is seen in FTIR of MTX-NS, which is because of intermolecular H- bonding. While in the physical mixture all characteristic peaks of MTX were retained with the slight shifting of wavenumber. Because of physical interactions between different functional groups of the excipients and drugs, a weak hydrogen bond was formed. The physical interactions found here could be beneficial for the size and shape of the NS and their drug release pattern.
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Figure 11. FTIR Spectrum of A) Pure MTX  B) Optimized NS(MTX-NS) C) Physical Mixture
3.3.10. In-vitro drug release
The dissolution behaviors of pure drug MTX, along with their optimized lyophilized formulations viz., MTX-NS in SIF pH 6.8 is represented in Figure 12. The rate of MTX and MTX-NS dissolution was 28.575± 0.021% and 99.27±0.04 % within 60 min in SIF pH 6.8 respectively. The MTX-NS showed a dramatically enhanced rate of dissolution as compared to MTX coarse powder by 3.45 folds. Moreover, the MTX-NS displayed a marked increase in dissolution velocities, more than 70% as compared to MTX coarse powder (2.5%) within 10 min. These suggested that the profile of the dissolution of lyophilized MTX-NS was distinctly superior as compared to MTX. As the size of MTX-NS particles were much smaller than that of MTX, it has a much larger surface area, hence a higher dissolution rate. Besides the particle size, the shape also plays a crucial role that may affect the dissolution of the drug. A particle that is irregular, flaky, and long may increase its average hydrodynamic thickness (h) at the boundary layer. Thus, the value of ‘h’ would be increased with decreased dissolution rate. The SEM image of MTX showed rod-shaped particles in different sizes. Thus, concluded that enhancement in dissolution was because of the reduction in the size of the particle rather than shape alteration.
[image: ]
Figure 12. Dissolution profiles of optimized NS (MTX-NS) with a pure drug in simulated intestinal fluid (SIF) with pH 6.8  
3.3.11. Cytotoxicity activity 
The MCF-7 breast cancer cells were cultured with MTX-NS, along with their aqueous dispersions (MTX-AQD) to study the impact of drugs on cell proliferation of MCF-7. By MTT assay, the cell inhibition ratio was evaluated. The IC50 values were obtained by calculating non-linear regression values of the cytotoxicity data by using the sigmoidal dose-response equation with the help of Graph Pad Prism software 7. The obtained results show that the inhibition of MCF-7 cell growth by optimized MTX-NS was dose and time-dependent. However, significant inhibition of MCF-7 cell proliferation was observed when treated with the previously mentioned MTX-NS with a concentration above or at 6.25 µg/mL. MTX-NS treated cells had a notable enhancement in growth inhibition rates as compared to MTX-AQD treated cells (Figure 13). These findings might be because of three possible aspects. First, the ability of MTX-NS to incarnate into cells by endocytosis or phagocytosis mechanism. Second, by increasing contact time and the area between drug and cells, as the smaller size NS initiates its adhesion to MCF-7 cells. As NS enhanced solubility and dissolution rates, it helps to induce sufficient molecular concentration of drugs around the cells. Thus, the MTX-NS was highly toxic to MCF-7 cells compared to free drugs. The values of IC50 of the MTX-NS solution were 27.73 µg/mL. Whereas, the MTX-AQD was showed an IC50 value of about 59.56µg/mL. The outcomes of this study indicated that the values of IC50 of NS are lower than MTX-AQD at the same incubation [image: ]time (48 h).
Figure 13. Cytotoxicity of MTX-NS and MTX-AQD after 48 h of incubation (n=3, mean± standard deviation)
[image: ]Noticeable morphological changes were seen in cells, which include membrane blebbing, nuclear fragmentation, and shrinkage of cells after exposure to MTX-NS and MTX-AQD for 48 h.  Further, more changes that are obvious were observed in NS treated cells as compared to untreated cells (control), Figure 14. [Control cells (C), Membrane blebbing (B), Condensed nuclei (N), Cell shrinkage (C), Apoptotic bodies (A), Echinoid spikes (S & E)]
Figure 14. Photomicrographs (light microscopy; magnification, ×200) showing morphological and growth inhibitory changes of MCF-7 cells following exposure to, MTX-NS for 48 h
3.3.12. Apoptosis study on MCF-7 cells
Apoptosis study of MTX-NS by double staining method reveals the ability of drugs and especially the MTX to induce apoptosis. As displayed in Figure 15 A, the green-colored nucleus indicates living cells in the control group, which are untreated. While Figure 15 B and 15 C showed a decreasing ratio of living cells with increased concentration of AQD and NS. Herein, of AQD and NS (12.5 µg/mL) treated cells showed uniformly orange-stained fluorescent nuclei but at a lesser amount as compared to NS treated cells, indicating necrosis of cells followed by the death of cells. The changed morphological of apoptosis cells, when treated with NS, include shrinkage of cells, followed by fragmentation and irregular shape. Such changes in morphology were observed in larger amounts with cells treated by NS as compared to AQD. Thus, the reduction in living cells of MCF-7 indicates an increase in the ratio of apoptotic cells. 
[image: ]
Figure 15. Apoptosis study of MST-NS on MCF-& cells. A) Untreated cell lines that are intact and with green nucleus B) Cells treated with 25 μg/ml of AQD C) Cells treated with 25 μg/ml of NS; N-necrotic Cells, A- Apoptic cells and V- Viable cells.
3.3.13. Pharmacokinetic and biodistribution study in wistar and Sprague- dawley Rats
To confirm the positive impact of NS on oral bioavailability enhancement of MTX in-vivo PK studies of NS and their AQD in rats were carried out and obtained results were correlated with each other. The mean concentration-time profile in the rat plasma for MTX is displayed in Figure 16, obtained when the single dose of 40 mg/kg of MTX was administered orally from NS and AQD and their PK parameters obtained are reported in Table 11 respectively. Following the oral administration of MTX-NS and MTX-AQD, the plasma concentration of MTX from MTX-NS in rats was significantly reached to a higher level than that of MTX-AQD at every time interval. The MTX-NS exhibited higher Cmax and Tmax, which indicates greater drug absorption but at a slower rate. The Cmax of MTX-NS increased by 2.53 folds. The reduced Cmax of MTX-AQD is because of the rapid distribution and metabolism of MTX. The coating of tween 80 and poloxamer 188 helps the circulation of formulation in the body for a prolonged period, thus Tmax of MTX-NS is higher than free MTX. The mean residence time (MRT) of MTX-NS and MTX-AQD was 27.61± 2.10 and 38.62±2.03 hours, respectively.   Thus, the t1/2 of MTX from MTX-NS reduced to ~8 h, then free MTX, with t1/2 of 18.78 h. This drug is available in the body for a longer period in NS form for absorption. The relative and absolute bioavailability of MTX-NS was 8.83 fold high as compared to MTX-AQD. The area under the curve (AUC) is a vital PK parameter that explains the circulation and exposure time of the drug in bloodstreams. The AUC0-t of MTX-NS and MTX-AQD were 3932.79 μg/ml *h and 445.39 μg/ml *h, respectively. This increase in AUC indicated that the MTX oral absorption in rats was enhanced notably in lyophilized NS form.
Thus, the oral bioavailability of MTX was improved by decreased particle size, increased dissolution rate and thus enhances membrane permeation of drug. Here the size of MTX particle was reduced to nanometers from microscale. This significant reduction in the size of particles leads to tremendous enhancement in surface area which fastens the drug dissolution velocity as per Noyes–Whitney equation. Moreover, reduction in the size of the particle improved the uptake of drugs not only by dissolution enhancement but also by other mechanisms like increased mucosal adhesion to GI surfaces that helps to prolong GI transit time and leads to efficient oral bioavailability. Thus, reduction in the size of the particle and increased rates of drug dissolutions were the reason for higher Cmax and AUC0–t of MTX after oral administration. As a stabilizer moreover, poloxamer 188 has a thick coat on the surface of MTX-NS, which plays a chief role in bioavailability enhancement. It is an amphiphilic surfactant, that may enhance the MTX penetration ability and thus promote rapid permeation of the MTX nanoparticles through the intestinal epithelium, and finally into blood i.e. systemic circulation.
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Figure 16. Plasma concentration-time profiles of MTX after oral intake of MTX-NS and the MTX-AQD formulation in rats. Each value represents the mean ± S.D. (n=3)
Table 11. Plasma pharmacokinetic parameters of MTX-AQD and Lyophilized MTX-NS in Sprauge Dawely rats after oral administration
	Pharmacokinetic parameter
	MTX-AQD
	Lyophilized MTX-NS

	Cmax (μg/ml)
	15.7 ±1.12
	39.70±1.32**

	Tmax  (h )
	5.00±1.59
	6.00±1.41**

	t1/2 (h )
	26.76±1.68
	18.78±1.36**

	MRT (h )
	38.62±2.03
	27.61± 2.10**

	AUC0-t  (μg/ml *h)
	445.39±3.99
	3932.79±3.09**

	AUC0- ∞ (μg/ml *h)
	485.16±3.25
	6788.86±3.33**

	VD (mL )
	109.24±2.22
	16.10±2.45**

	Cl (mL h−1 )
	2.83±2.24
	0.059± 2.55**

	KE(h−1)
	0.026± 2.15
	0.0037 ±2.35**

	Frel
	-
	8.83±1.19

	F%
	4.45
	67.88



After oral administration, the biodistribution study of MTX-NS and MTX-AQD showed a higher collection of MTX in the spleen, liver, stomach, and kidney. The liver is the major organ of the reticuloendothelial system (RES) that accumulates and metabolizes nanoparticles. The biodistribution data (Figure 17) revealed the maximum concentration of MTX by liver, spleen, stomach, and kidney were 8.15±4.22, 16.15±5.12, 9.40±4.72 and 4.73± 5.12 µg/g, for MTX-NS, respectively, after 72 h of oral administration. However, the MTX-AQD concentration in the liver, spleen, stomach, and kidney were 8.24±2.28, 4.02± 3.36, 3.26±5.43 and 2.45±3.22 µg/g, respectively. This may be because of the faster elimination of MTX because of higher particle size as compared to MTX-NS. The higher uptake of MTX in the spleen, liver, and stomach is because of enhanced lymphatic uptake. After oral intake of MTX-NS, no weight loss, no systemic toxicity, or fatalities or any other toxic effects were seen during the entire study in rats. The increased biodistribution of MTX-NS in the stomach as compared to MTX-AQD was maybe because of increased intimate contact of MTX with GIT absorptive cells because of increased surface area and adhesion properties of nanoparticles. Before the maceration, the stomach was cleaned for all waste or any food material to measure the levels of the stomach to the actual tissues. The concentration of MTX-NS in the brain was 5.03±4.21 µg/g and MTX-AQD was 1.56 ±4.18 µg/g, which indicates that the MTX-NS can deliver MTX to the brain. Early studies suggest that the size of NS in a nanometer plays a key role to deliver the drug to the brain and it crosses the blood-brain barrier (BBB). Thus MTX-NS in lesser doses can be used to treat primary central nervous system lymphoma (PCNSL). The concentration of MTX in lungs and heart were 6.57±3.45 and 4.05±3.25 µg/gm for MTX-NS, while for MTX-AQD it was 2.00±4.62 and 2.12±3.45 µg/g respectively. A comparison of MTX-AQD with MTX-NS was not statistically significant (p > 0.05). Thus, biodistribution studies conclude the accumulation of MTX-NS in the spleen, liver, stomach, and lungs in larger amounts as compared to the brain, lungs, and heart.11
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Figure 17. Biodistribution of MTX-NS and MTX-AQD after oral administration in rats brain, kidney, liver, spleen, stomach, heart, lungs
3.3.14. Stability studies
The six-month stability data for lyophilized MTX-NS with liquid MTX-NS are reported in Table 12. MTX-NS stored at room temperature showed an increased particle size from 260 to 365 nm, within six months. While, storage under refrigerated conditions, showed there was a nominal increase from 260 to 300 nm indicating better stability under these conditions. The NS store at 40º±2ºC/75±5 % RH showed an increase in the size of particles from 260 to 388 nm. Results conclude, temperature influences the aggregation of nanoparticles, thus the stability and aggregation were higher at RT and stability chamber as compared to refrigerator storage conditions for liquid NS. For liquid, MTX-NS particle size ranges from 260 to 300 nm for samples stored at the refrigerator that shows better stability of NS then other storage conditions (Table 12).  Aggregation was more likely to occur in liquid MTX-NS as compared to lyophilized MTX-NS ones in all storage conditions. The refrigerated condition does not have a significant effect on average particle size, whereas room temperature and stability chamber condition has a more deleterious effect. This concluded that higher temperature leads to greater particle aggregation which results in increased size of particles. Thus aggregation of particles at room temperature and stability chamber increases its particle size and thus they are less stable. Probably Ostwald ripening may be the second reason resulting in fluctuations at RT. The chemical stability results of formulation during various conditions of storage are featured in Table 12. Results suggest no significant change in the DC of MTX-NS and their lyophilized MTX-NS when stored at three storage conditions. Thus, it concluded that both the liquid and lyophilized MTX-NS are chemically stable at three storage conditions. Noteworthy, for physical stability of liquid NS, lyophilization, and storage at refrigerated conditions are recommended 25. 
Table 12. Physical stability data of lyophilized and liquid MTX-NS
	Formulation
	Storage Temperature Conditions
	Initial Particle Size
	Particle Size
After
	Initial Drug Content
	Drug Content After

	
	
	
	2M
	4M
	6 M
	
	2 M
	4 M
	6 M

	Lyophilized MTX-NS
	4°C
	
260±4.6
	274.9±4.6
	289.3±8.2
	300.8±4.5
	88.65±0.33
	88.46±4.2
	88.32±5.8
	88.11±3.5

	
	Room temperature
	
	295.2±5.9
	325.9±7.1
	365.7±6.8
	
	87.23±6.8
	87.10±6.6
	87.09±2.6

	
	40 °C
	
	280.4±5.4
	336.9±5.6
	388.5±7.2
	
	87.99±7.2
	87.57±8.2
	87.65±4.5

	Liquid MTX-NS
	4°C
	246.8±8.23
	254.9±4.2
	269.3±3.6
	280.8±6.3
	99.86±7.4
	99.70±7.8
	99.55±6.1
	99.29±6.6

	
	Room temperature
	
	268.2±4.6
	290.9±4.2
	321.7±2.8
	
	99.64±5.9
	99.44±8.1
	99.05±7.2

	
	40 °C
	
	250.4±5.5
	283.9±5.3
	338.5±3.3
	
	99.74±9.1
	99.45±5.6
	99.37±7.8



4. Conclusion
Lyophilized MTX-NS was fabricated and characterized using the QbD approach to enhance solubility, bioavailability, and stability of MTX. To understand the impact of CMAs and CPPs on CQAs the QbD approach was applied. The main reason to use the QbD approach is to improve the quality and safety of NS formulation. By using the statistical experimental designs like Plackett–Burman and Central Composite design within a QbD concept, the effect of process and formulation parameters which affects the CQAs of NS, and that influences the stability and solubility of MTX in NS were optimized. The design concludes that the selected variables i.e. the number of cycles of HPH, the concentration of poloxamer 188, and the concentration of tween 80 had an important effect on MTX-NS characteristics. The predicted values were compared with the obtained ones from designs. The optimized variables were used for the fabrication of highly stable NS of MTX with increased dissolution rates and stability enhancement. The particle size distribution of optimized MTX products from the CCD overlay plot showed an average particle size of 260±0.2 nm, with a zeta potential of -11.6 ± 7.52 mV. The SEM and TEM studies conclude particles were spherical. The XRPD, FTIR, and DSC studies conclude the crystalline nature of MTX was intact in NS form, but there was a significant increase in dissolution velocity and release rate of MTX-NS, due to the reduced size of particles and larger surface area of MTX. The lyophilized NS was found to be stable in the refrigerator storage conditions. The plasma pharmacokinetic parameters viz., Cmax, Tmax, t1/2, AUCtotal, and MRT of NS on rats was significantly higher than MTX-AQD. The relative and absolute bioavailability of MTX-NS was enhanced by more than 8.83 folds. Higher MTX concentration was found in the liver within 72 hrs, concluded from the biodistribution study. In vitro cytotoxicity study proves the significant inhibitory effect of the MTX-NS against human breast cancer cells MCF-7 at a very low dose. Apoptosis studies conclude MTX-NS treated cells at a 12.5 µg/mL of concentration showed uniformly orange-stained fluorescent nuclei at the higher amount as compared to AQD treated cells at the same concentration, indicating necrosis of cells followed by the death of cells i.e. they induce apoptosis. Hemolysis studies proved the non-hemolytic behavior of developed NS and hence can be administered via IV route. The stability studies conclude physical as well as chemical stability of NS, by inhibiting the reaggregation of particles by adsorption of stabilizers on drug particles. Thus, developed lyophilized NS has enhanced bioavailability and stability and can be used as a promising anticancer agent against lung cancer. Thus, lyophilized MTX-NS with enhanced bioavailability and stability could be a promising aspect in a clinical and medicinal application for cancer treatment. The pieces of evidence obtained from QbD results prove that it is a helpful tool in the fabrication of NS to improve quality and safety, reduce the manufacturing variability, and reduce the manufacturing cost, a requirement of USFDA.
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