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Abstract

This study aimed to develop and optimize budesonide-loaded solid lipid nanoparticles (BUD-SLNs) through a Quality by Design (QbD) framework and to
assess their in vitro performance systematically. SLNs were prepared by hot homogenization, and critical formulation variables, including cetyl stearyl
alcohol (CSA), Cremophor® A25 (CA25), Gelucire® 44/14 (G44), and homogenization time were optimized using a central composite design. The impact on
particle size (PS), polydispersity index (PDI), entrapment efficiency (EE%), and drug release in pH 7.5 buffer after 2 hours was assessed as critical quality
attributes (CQAs). Syloid® XDP 3150 was used to convert liquid SLNs into solid dosage forms, which were then capsulated in delayed-release capsules.
Solubility screening identified CSA and CA25/G44 as optimal lipid and surfactant candidates. The optimized formulation exhibited a PS of 10.15+0.12 nm,
PDI of 0.104 £ 0.01, EE% of 99.80 + 0.01%, and drug release of 98.53 + 2.30% after 2 hours. In biorelevant FaSSIF/FeSSIF media, drug release reached 102.24
+1.7% and 108.65 + 4.2%, respectively. DSC analysis confirmed successful drug encapsulation. In vitro lipolysis testing revealed consistent Bud release upon
pancreatic enzyme addition, suggesting robust formulation integrity during digestion. The optimized BUD-SLNs showed no cytotoxicity on Caco-2 cells and
retained physicochemical stability under ICH conditions. Overall, these findings highlight the potential of SLNs for enhancing the solubility and oral delivery of
budesonide, supporting future translational development and preclinical application.

Introduction

Inflammatory bowel disease (IBD), comprising Crohn’s disease (CD) and ulcerative colitis (UC), is a chronic, relapsing inflammatory disorder of the
gastrointestinal tract that affects approximately 6.9 million individuals worldwide, with increasing prevalence in newly industrialized regions(1). UC typically
involves continuous inflammation of the colonic mucosa, whereas CD presents with transmural, granulomatous inflammation affecting any segment of the
Gl tract in a discontinuous pattern(2). Both conditions are associated with significant morbidity, including abdominal pain, diarrhea, hematochezia, weight
loss, and extraintestinal complications, impacting patients' quality of life and healthcare systems(3, 4).

Corticosteroids are frequently employed for inducing remission in moderate-to-severe CD. However, their long-term use is limited due to systemic side
effects such as osteoporosis, hyperglycemia, and immune suppression(4). Budesonide (BUD) is a synthetic glucocorticoid with high topical anti-
inflammatory activity and extensive first-pass metabolism. Despite complete absorption from the Gl tract, BUD's oral bioavailability remains low (10-20%)
due to its rapid hepatic metabolism via CYP3A4(3). Additionally, its poor aqueous solubility (28 pg/mL) and lipophilicity (log P = 3.2) classify it as a
Biopharmaceutics Classification System (BCS) Class Il drug, necessitating formulation strategies to enhance solubility and systemic availability(5).

Conventional BUD products, such as enteric-coated capsules (e.g. Entocort®) or enteric-coated micropellets contained in a capsule (e.g. Budenofalk®), rely
on pH-dependent polymer coatings to delay drug release until the distal ileum or colon(6). However, these systems are limited by variable dissolution and low
solubility of BUD in intestinal fluids. The use of lipid nanoparticles encapsulated within acid-resistant capsules offers a dual advantage of enhanced
solubilization and targeted intestinal delivery.

Among various approaches to improve solubility and bioavailability, lipid-based drug delivery systems(7), especially solid lipid nanoparticles (SLNs), have
emerged as promising carriers for BCS Class Il drugs(8). SLNs are submicron colloidal carriers composed of a solid lipid matrix stabilized by surfactants,
capable of enhancing solubility, protecting labile drugs, providing controlled release, and facilitating lymphatic uptake. They have demonstrated success in
improving the pharmacokinetic profiles of several poorly soluble drugs(9, 10), including glibenclamide, gliclazide, and hydrochlorothiazide(11-13).

The performance of SLNs is strongly influenced by formulation and processing variables, including lipid type, surfactant concentration, and homogenization
conditions(14). Conventional trial-and-error approaches often fail to adequately control these factors. In contrast, the Quality by Design (QbD) paradigm,
endorsed by regulatory agencies such as the FDA and ICH, offers a systematic approach to formulation development by defining the Quality Target Product
Profile (QTPP), identifying Critical Quality Attributes (CQAs), and optimizing formulation and process parameters through risk assessment and design of
experiments (DoE)(15-17).

This study aimed to develop and optimize a formulation of BUD-loaded SLNs using a QbD framework to enhance the oral bioavailability and therapeutic
performance of BUD, primarily through improved solubility, protection against gastrointestinal degradation, and lymphatic delivery to avoid first-pass
metabolism. Critical formulation factors were identified and optimized using a central composite design, and the final formulation was characterized for
particle size, polydispersity index (PDI), entrapment efficiency (EE%), and in vitro drug release. The study also evaluated solidification strategy, biorelevant
dissolution behavior, and cytotoxicity to ensure the biocompatibility and safety of the developed SLNs and their excipients on intestinal epithelial cells (Caco-
2), confirming suitability for oral administration.

Materials and Methods
Materials

BUD was obtained from Aarti Industries (India). Cutina® CP, Kolliwax® S, Novata® BCF PH, Novata® B PH, and Tween 80 were kindly gifted from BASF
(Germany). Cetyl Stearyl Alcohol was supplied by Ataman Kimya A.S. (Turkey). Compritol® 888 ATO, Compritol® E ATO, Precirol® ATO 5, Geleol™, Gelucire®
44/14, Gelucire® 48/16, and Transcutol P® were graciously provided by Gattefosse (France). Pluronic® F68, Pluronic® F-127, and Cremophor® A25 were
sourced from Sigma-Aldrich (Germany). Neusilin UFL2® and Neusilin US2® were kindly provided by Fuji Chemical (Japan). Florite® R and Florite® PS-200
were from Tomita Pharmaceutical (Japan). Syloid® XDP 3050 and Syloid® XDP 3150 were received from Grace (USA). EMBOCAPS® AP (capsules) was
kindly gifted by Suheung America Corporation (Korea). 3F Powder™, FaSSIF, and FeSSIF Buffer Concentrate were purchased from Biorelevant (UK). Bile
bovine, Pancreatin from porcine pancreas (= 3 x USP specifications, pancreatic extract), 4-bromophenylboronic acid (4-BBBA), and Trizma® maleate were
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purchased from Sigma-Aldrich (Germany). Lipoid S100 was purchased from Lipoid (Germany). All reagents were of analytical grade and used without further
purification.

Solubility by Equilibrium Method

The equilibrium solubility of BUD was determined in buffer solutions (pH 1.2, 4.5, and 6.8) and in biorelevant media (FaSSIF/FeSSIF). Excess BUD powder (9
mg) was added to 1 mL of each medium in Eppendorf tubes to achieve supersaturation, as indicated by visible precipitate. Samples were incubated in an
orbital shaker (Model 420, Thermo Electron Corporation) at 37.0 + 0.5°C and 150 rpm for 24 h (18, 19). After equilibration, the suspensions were centrifuged
(15,000 rpm, 15 min, Model D-7200, Hettich, Germany), and 100 L of supernatant was diluted to 10 mL with the mobile phase. The solutions were filtered
through 0.45 pm regenerated cellulose membrane filters (Sartorius, Germany) and analyzed by HPLC. The dose-to-solubility ratio (D,) was calculated using
Eq.

Do= e (1)

Where Dose is the highest prescribed oral dose (mg) and S is the equilibrium solubility (mg/mL). According to FDA guidelines, a compound is classified as
highly soluble when D, < 1 under these conditions(20).

Solubility Studies

The solubility of BUD was assessed in various lipids (Cutina® CP, Cetyl Stearyl Alcohol, Compritol® 888 ATO, Compritol® E ATO, Precirol® ATO 5, Geleol™,
Kolliwax® S, Novata® BCF PH, and Novata® B PH) and surfactants/co-surfactants (Pluronic F68, Cremophor® A25, Pluronic® F-127, Gelucire® 44/14,
Gelucire® 48/16, Tween 80, and Transcutol P®). The test tube equilibrium method was employed, in which 1g of each lipid was heated to 5°C above its
melting point. BUD was added incrementally in Tmg until complete dissolution. Solubility was visually confirmed and quantified as mg of BUD dissolved per
gram of lipid, following published procedures(21).

Quality by Design (QbD) Approach

The QbD approach was implemented to define the QTPP, CQAs, Critical Material Attributes (CMAs), and Critical Process Parameters (CPPs)(15). Risk
assessment was conducted using Failure Mode and Effects Analysis (FMEA) to prioritize variables influencing CQAs, followed by Design of Experiments
(DoE) to optimize process and formulation conditions(22).

Preliminary Studies

Formulation variables were screened based on QTPP and solubility outcomes. Cetyl Stearyl Alcohol was selected as a lipid, and Cremophor® A25 and
Gelucire® 44/14 were identified as suitable surfactants. Selection was also guided by desired particle size and PDI values(23).

Preparation of BUD-SLNs

SLNs were prepared by hot homogenization. The solid lipid was melted at 10°C above its melting point, and BUD was dispersed in the lipid phase. An
aqueous surfactant phase, preheated to the same temperature, was added to the lipid phase and homogenized (Ultra-Turrax T25, IKA, Germany) at 10,000
rpm for varied durations. Formulations were cooled to room temperature to obtain nanoparticles(24).

DoE for BUD-SLNs

Experimental design methodologies were applied to optimize the formulation and achieve the predefined QTPP. Within the QbD framework, the critical
elements-QTPP, CQAs, CPPs, and CMAs were systematically established. Preliminary formulation experiments, supported by literature review and risk
assessment, facilitated the identification of variables exerting a significant impact on product quality(25). Among these, lipid concentration, surfactant
concentration, and homogenization time were identified as the most influential parameters affecting the performance of BUD-SLNs. For formulation
optimization, four independent variables were selected (lipid concentration, two surfactant concentrations, and homogenization time), while four dependent
variables, particle size (PS), polydispersity index (PDI), entrapment efficiency (EE%), and cumulative drug release after 2 hours (%) were defined as CQAs. A
central composite design (CCD), a response surface methodology (RSM), was employed to systematically evaluate the main, interaction, and quadratic
effects of these independent variables on the CQAs. The CCD incorporated two factor levels (-1 and + 1) with three replicates at the center point to ensure
robustness of the statistical model. Optimization and analysis of the experimental data were carried out using Minitab® 20.2 software, enabling the
identification of optimal process and formulation conditions.

Characterization of BUD-SLNs
Particle Size (PS) and Polydispersity Index (PDI)

Measured at 25°C using a Malvern ZetaSizer (1000 HS, UK) after 10-fold dilution with distilled water. Results reported as mean Z-average (d.nm) + SD(26).

Zeta Potential (ZP)
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Determined using a Malvern ZetaSizer (1000 HS, UK) with 10-fold diluted samples in folded capillary zeta cells (DTS1070). Results expressed as mean ZP
(mV) £SD(27).

Entrapment Efficiency (EE%)

About 1 mL of the BUD-SLN dispersion was placed in a tube and centrifuged (25,000 rpm, 30 min, Hettich D-7200, Germany). The quantification of free drug

(BUD) in the supernatant by HPLC(28). The EE% was calculated using Eq. (2):
Winitiat—W free

EE%= Winitial @

Where W,;;iz drug is amount of BUD added in the formulation, and W, drug is the amount of BUD in supernatant.

Solidification of Liquid BUD-SLNs

The liquisolid technique was used to adsorb liquid BUD-SLNs onto solid carriers (Florite® R, Florite® PS-200, Neusilin® US2, Neusilin® UFL2, Syloid® XDP
3050, Syloid® XDP 3150). Mixtures were stirred, dried at room temperature for 24 h, and optimized for free-flowing powder suitable for capsule filling(29).

Powder Flow Properties

Bulk and tapped density, Carr’s Index, Hausner's ratio, and angle of repose (8) were determined using pharmacopeial methods for BUD-SLNs and pure BUD
powders(30). Measurements were performed in triplicate.

Differential Scanning Calorimetry (DSC)

Thermal properties of BUD and optimized SLNs were analyzed using a DSC-60 (Shimadzu, Japan). Approximately 5 mg of each sample was sealed in
aluminum pans and scanned from 20-300°C at 10°C/min.

In Vitro Drug Release Study

The dissolution profiles of capsulated BUD-SLN formulations and a marketed product were evaluated using a USP Dissolution Apparatus Il (paddle method)
in accordance with FDA-recommended protocols. Capsules were placed in sinkers and immersed in 1000 mL of dissolution medium at 37 + 0.5°C, with a
paddle speed of 75 rpm. Two dissolution media were employed: (i) 0.1 N HCI (pH 1.2 £ 0.05) to simulate gastric conditions, and (ii) phosphate buffered saline
(pH 7.5+ 0.05) to simulate intestinal fluid. Additionally, the optimized capsulated BUD-SLN formulation was evaluated in biorelevant media, FaSSIF (pH 6.5 +
0.05) and FeSSIF (pH 5.0 + 0.05), to simulate fasted and fed states, respectively. Sampling was performed at 2-hour intervals in acidic medium and at 0.25,
0.5,1,2,4,6,and 8 hours in buffer and biorelevant media. At each time point, 3 mL aliquots were withdrawn, filtered, and replaced with equal volumes of
fresh dissolution medium to maintain sink conditions. Filtration was carried out using RC filters (0.45 um, Sartorius, Germany) for acid-base media and
polypropylene/glass microfiber filters (0.45 pm, Biorelevant, UK) for FaSSIF/FeSSIF. BUD concentration in dissolution samples was quantified by HPLC
(Shimadzu LC 20-AT, Japan) following the USP method for budesonide (USP, 2014) and validated according to ICH Q2 guidelines. Chromatographic
separation was achieved using a BDS HYPERSIL C18 column (4.6 x 100 mm, 3 pm, Thermo Scientific™, USA) with a mobile phase consisting of sodium
phosphate buffer (pH 3.2 + 0.05) and acetonitrile (68:32, v/v). The column temperature was maintained at 25°C, with a flow rate of 1.5 mL/min, an injection
volume of 50 pL, and UV detection at 254 nm.

In Vitro Lipolysis Study

The in vitro lipolysis study was performed with modifications to the method reported by Nazli et al. (31). A lipolysis buffer (pH 6.5 + 0.05) was prepared to
simulate the intestinal environment under fasting conditions. The buffer contained 2 mM Tris-maleate, 1.4 mM CacCl,-2H,0, 50 mM NaCl, 2.95 mM bile salts,
and 0.26 mM Lipoid S100. The pH was adjusted to 6.5 with NaOH or HCI. The experiment was conducted at 37°C in two stages: a dispersion phase and a
digestion phase. During dispersion, the optimized BUD-SLN formulation was introduced into the lipolysis medium and allowed to equilibrate for 15 minutes.
The pancreatic lipase extract was freshly prepared before each experiment by dispersing 1 g of porcine pancreatin powder in 5 mL of lipolysis buffer (without
bile salts and phospholipids). The mixture was stirred for 15 minutes, centrifuged at 4000 rpm for 15 minutes, and the supernatant was adjusted to pH 6.5.
Fresh extract was used to minimize enzyme activity loss. At the end of the dispersion phase, the extract was added to initiate the digestion phase. The
medium’s pH was maintained at 6.5+ 0.05 using 0.4 M NaOH titration, which was not included in volume calculations. Samples were withdrawn at 10 and 15
minutes during dispersion and at 5, 15, 30, 45, and 60 minutes during digestion. To quench lipase activity immediately, 50 pL of 4-bromophenylboronic acid
(4-BBBA) was added to each sample. The samples were then centrifuged at 4000 rpm for 30 minutes, and the concentration of BUD in the aqueous
supernatant was determined using a validated HPLC method.

In Vitro Cytotoxicity Studies

The cytotoxicity of the optimized BUD-SLN formulations was evaluated using the MTT assay, which measures the conversion of yellow MTT to purple
formazan crystals by mitochondrial dehydrogenases of viable cells, as previously described by Hussain et al.(32). Human colorectal adenocarcinoma Caco-2
cells (ATCC HTB-37) were cultured in EMEM supplemented with 5% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin (all from
Sigma-Aldrich). Cells were seeded in 96-well plates (4 x 10* cells/well) and incubated for 24 h at 37°C in a humidified atmosphere containing 5% CO,. After
attachment, the medium was replaced with serum-free medium containing either (i) liquid-optimized BUD-SLNs, (ii) powder-optimized BUD-SLNs, (iii) pure
BUD (positive control), or (iv) drug-free SLNs (negative controls). A control group of untreated cells (medium only) was included. Cells were further incubated
for 24, 48, or 72 h under the same conditions. At the end of each incubation period, the medium was replaced with 30 pL/well of MTT solution (5 mg/mL in
PBS) and incubated for 4 h at 37°C. The MTT solution was then carefully aspirated, and 100 uL/well of DMSO was added to dissolve the formed formazan
crystals. Plates were shaken at room temperature for 2 h to ensure complete solubilization. Absorbance was measured at 570 nm (reference 600 nm) using
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a Bio-Tek microplate reader (Bio-Tek Instruments, Germany). Triton X-100 was included as a positive control for cytotoxicity. Each experiment was performed
in triplicate on at least three independent occasions. Results are expressed as the percentage of viable cells relative to the untreated control group.

Stability Studies

The optimized BUD-SLNs were stored in amber glass bottles under ICH stability conditions (25 + 2°C/65 + 5% RH and 40 + 2°C/75 + 5% RH). Samples were
analyzed for PS, PDI, EE%, and drug release at 0, 1, 2, and 3 months(33).

Statistical Analysis

Statistical analyses were performed using Minitab® 20.2 (Minitab Inc., USA), and graphical data visualization was carried out in Microsoft Excel 2010
(Microsoft Corp., USA). All results are expressed as mean tstandard deviation (SD) from at least three independent experiments (n = 3). Statistical
significance was set at p < 0.05. For optimization studies, overall desirability (D) was calculated, ranging from 0 (undesirable) to 1 (optimal). For cytotoxicity
evaluations, statistical differences between treatment groups and controls were assessed using one-way analysis of variance (ANOVA) followed by pairwise
t-tests. Results were annotated as ™*p < 0.0001 compared with the liquid formulation control and #*##p < 0.0001 compared with the powder formulation
control.

Results

Solubility by Equilibrium Method

Table 1 presents the solubility results, dose-to-solubility ratio, and dose number (D) for BUD. The maximum dose strength for BUD is 9 mg. The equilibrium
solubility method showed that BUD exhibits low solubility across all buffer solutions (pH 1.2, 4.5, and 6.8), with no significant improvement in solubility
across the pH range. The dose-to-solubility ratio in all buffers exceeded 250 mL, resulting in D, values greater than 1. The lowest solubility was observed at
pH 6.8.

Solubility Studies

Lipids: BUD solubility was highest in Cetyl Stearyl Alcohol (~ 21 + 1 mg/g), followed by Geleol™ (~ 11 + 1.5 mg/g), Kolliwax® S (~ 10 + 0 mg/g), and Precirol®
ATO 5 (~ 5+1.2 mg/g), as shown in Fig. 1(a). Surfactants: Solubility was highest in Transcutol P® (~ 44 + 2 mg/g), followed by Cremophor® A25 (~ 23 +2.3
mg/g), Gelucire® 44/14 (~ 17 + 1.2 mg/g), Gelucire® 48/16 (~ 12+ 2 mg/g), and Tween 80 (~ 12+ 1.1 mg/g), as presented in Fig. 1(b). Based on solubility
data and formulation suitability, Cetyl Stearyl Alcohol (CSA) was selected as the lipid, and Cremophor® A25 (CA25) and Gelucire® 44/14 (G44) as
surfactants for SLN development.

Evaluation and Selection of Solidification Adsorbents for BUD-SLNs

For size 0 capsules, an optimal powder density of 0.6—1.2 g/mL is required to achieve fill weights between 408-816 mg. Among the tested excipients,
Syloid® XDP 3050 and Syloid® XDP 3150 demonstrated the most favorable flow characteristics, with low Hausner ratios (1.2), Carr’s Index values (14.3-
17.2%), and an angle of repose (26°). Both produced free-flowing powders that filled capsules adequately without the need for additional flow enhancers.
Syloid® XDP 3150 was further selected for subsequent studies based on its consistent drug release profile (data not shown). The optimized BUD-
SLNs:Syloid® XDP 3150 (1:0.1 g) formulation exhibited a bulk density of 0.59 g/mL, Hausner ratio of 1.0, and Carr’s Index of 3.3%, indicative of excellent
compressibility and minimal cohesiveness. In contrast, Florite® R and Florite® PS-200 showed poor flowability, characterized by high Hausner ratios, high
Carr’s Index values, and large angles of repose. Neusilin® US2 and Neusilin® UFL2 displayed moderate flow properties, although Neusilin® US2 performed
slightly better than Neusilin® UFL2. Pure BUD exhibited very poor flowability, with a high Hausner ratio and Carr’s Index, confirming strong aggregation
tendencies, as shown in Table S1. Based on these findings, Syloid® XDP 3150 was identified as the most suitable adsorbent for solidifying BUD-SLNSs,
ensuring optimal flowability, appropriate capsule density, and stable release performance.

QbD Approach and Preliminary Studies

The QTPP was established as the first step in the QbD approach. A comprehensive QTPP profile for BUD-loaded SLNs was developed using prior knowledge,
preliminary experimentation, and published reports, as presented in Table S2. From the QTPP, CQAs were identified and their criticality was justified, as
illustrated in Table 2. The selected CQAs included PS, PDI, EE%, and drug release after 2 hours in pH 7.5 buffer, as these parameters directly influence in vivo
performance, safety, and efficacy.

CPPs and CMAs relevant to the hot homogenization process were determined through initial risk assessment, as presented in Table S3. CMAs included the
ratio of CSA as solid lipid and CA25 and/or G44/14 as surfactants, while homogenization time (HT) was identified as the key CPP. Their relevance to the BUD-
SLN formulation warranted further evaluation. These findings guided the subsequent optimization of formulation variables to achieve the desired QTPP.

DoE for BUD-SLNs

CCD was applied for the optimization of BUD-SLNs using four independent variables (CSA concentration, CA25 concentration, G44 concentration, and
homogenization time), four dependent variables (PS, PDI, EE%, and cumulative drug release after 2 h), and two controlled variables (temperature and
homogenization speed). Minitab® 20.2 software generated 27 runs, as shown in Tables 3 and 4.

The PS (Y1) remained consistent across most runs, ranging from 10-11 nm (¢ 0.02 to * 0.60). A single outlier of 54.90 + 68.90 nm was observed. The PDI
(Y2) values ranged between 0.07 and 0.25, remaining within acceptable limits for nanoparticle formulations. EE% (Y3) demonstrated very high uniformity,
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with values between 99.8-99.9% and minimal standard deviation. The cumulative drug release after 2 h (Y4) varied more widely, with values ranging from
58.48% to > 100%.

Increasing lipid concentration from 10% to 15%, while varying surfactant concentration and homogenization time, did not significantly affect PS, PDI, or EE%.
In two formulations (runs 8 and 16), signs of gelation were observed.

Regression analysis was performed to evaluate model fit for each response. The PS model showed R?=78.78% (S = 0.733), but adjusted R? dropped to
49.07%, and predicted R?2=0.00%. The PDI model showed R?=71.57% (S = 0.466), adjusted R?=31.77%, and predicted R?=0.00%. The EE% model achieved
R2=77.00% (S = 0.03), with adjusted R?=44.81% and predicted R?=0.00%. The drug release model demonstrated R2=78.31% (S = 9.80), adjusted R?=47.92%,
and predicted R?=0.00%. Collectively, these models demonstrated moderate to strong explanatory power but poor predictive capability.

Effect of Independent Variables on PS

The 3D surface plot illustrates the relationship between HT and CA25 concentration on PS while holding CSA (15%) and G44 (0%) constant. The response
surface shows a nonlinear interaction, where PS decreases with increasing HT but rises again at longer durations, forming a U-shaped trend. The influence of
CA25 is minimal at lower HTs but becomes more pronounced at extended durations. The normal plot of standardized effects indicated that the quadratic
term of HT (DD) had a statistically significant positive effect on PS, while other factors were not significant, as seen in Figs. 2 and 3(a).

Effect of Independent Variables on PDI

The 3D surface plot shows that HT and CA25 concentration influence the PDI. Increased HT and higher CA25 concentrations led to higher PDI values,
suggesting reduced uniformity. The normal plot highlighted the significant positive interaction effect between CSA (A) and CA25 (B) (AB), as shown in Figs. 2
and 3(b).

Effect of Independent Variables on EE%

The 3D surface plot shows that both HT and CA25 concentration affect EE% non-linearly. At lower CA25 concentrations, EE% was higher, but values declined
as CA25 increased, before slightly rising again. Shorter HT favored higher EE%, while longer HT reduced it. The normal plot of standardized effects indicated
significant positive contributions from G44 concentration (C), CSA x G44 interaction (AC), and the quadratic term of CA25 (BB), as seen in Figs. 2 and 3(c).

Effect of Independent Variables on Cumulative Drug Release

The 3D surface plot shows that cumulative drug release after 2 h increased initially with HT and CA25 concentration but plateaued or decreased at higher
values. The normal plot of standardized effects indicated that square HT (DD) had a positive effect, while square CA25 (BB) had a negative effect, as seen in
Figs. 2 and 3(d).

Validation of the Mathematical Model

Optimization of BUD-SLNs was validated using Minitab®’s Response Optimizer. A checkpoint batch (run 4) was prepared and compared against predicted
values. A t-test indicated no significant difference (p > 0.05). The model achieved a desirability value of 0.9506, suggesting a robust design, as presented in
Table 5.

Characterization of Optimized BUD-SLNs (dup: abstract ?)
Particle Size (PS) and Polydispersity Index (PDI) Determination

The optimized liquid BUD-SLNs exhibited a mean PS of 10.15 + 0.12 nm. The PDI was found to be 0.104 + 0.01, indicating a narrow size distribution, as seen
in Figure S1.

Zeta Potential (ZP)

The optimized liquid BUD-SLNs exhibited a ZP of - 3.89 + 0.82 mV.

Entrapment Efficiency (EE%)

The optimized liquid BUD-SLNs demonstrated an EE% of 99.80 + 0.01%.

Differential Scanning Calorimetry (DSC)

The DSC thermogram of pure BUD showed a distinct endothermic peak at 257.89°C. In the optimized BUD-SLNSs, this peak disappeared, and a single sharp
endothermic peak at ~ 44.24°C was observed, corresponding to CSA, as illustrated in Figure S2.

In Vitro Drug Release Study

The dissolution study demonstrated that no drug release occurred from the BUD-SLNs at a pH of 1.2, indicating that the capsules remained intact in acidic
conditions. The capsule completely disintegrated, releasing the filled optimized solidified BUD-SLNs in basic conditions. The dissolution study in PBS (pH 7.5
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+0.05) showed a rapid and nearly complete drug release, with 98.53 + 2.30% of BUD released within 2 hours, as shown in Fig. 4(a). In contrast, the marketed
product exhibited a slower, sustained release profile, with 55.7% +1.4% of the drug released within 2 hours.

The optimized solidified BUD-SLNs formulation demonstrated rapid and complete drug release in both FaSSIF and FeSSIF, as shown in Fig. 4(b). In FaSSIF,
the formulation achieved a cumulative drug release of approximately 102.24 + 1.7% within 2 hours, plateauing thereafter and maintaining a high release
profile throughout the 8-hour period. In FeSSIF, drug release was slightly higher, reaching up to 108.65 + 4.2%. In contrast, the marketed product exhibited no
detectable drug release in either FaSSIF or FeSSIF throughout the study duration.

In Vitro Lipolysis Study

The optimized BUD-SLNs formulation (3mg, ~ 100% drug load) was evaluated using an in-vitro lipolysis model designed to simulate the digestion of lipid-
based drug delivery systems in the gastrointestinal tract. To evaluate drug distribution, the lipolysate was centrifuged, and under fasted conditions, the
aqueous phase demonstrated a high solubilization capacity for BUD, reaching approximately 105%. These results highlight the effective digestion and
solubilisation of the optimized BUD-SLNs in simulated gastrointestinal conditions. The percentage of BUD dissolved in the aqueous phase increased slightly
after the onset of digestion, with no significant impact observed from the hydrolysis of excipients. The digestion process was rapid, completing within 60
minutes, as shown in Fig. 4(c), which illustrates the BUD dissolved percentage at a constant pH of 6.5+ 0.05.

In Vitro Cytotoxicity Studies

The ICs, value of BUD in the Caco-2 cell line was calculated to be 59.81 pM, as seen in Figure S3(a and b). There was no statistically significant difference (p
<0.001) in the effect on cell viability between optimized solidified BUD-SLNs formulation and optimized liquid BUD-SLNs. For the placebo (drug-free) liquid
formulation, cell viability at 24, 48, and 72 hours was 99.87%, 95.32%, and 93.26%, respectively; for the solidified formulation, these values were 99.79%,
95.28%, and 93.36%. In the drug-containing liquid formulation, cell viability at 24, 48, and 72 hours was 89.24%, 85.62%, and 81.68%, respectively; for the
solidified form, the values were 88.79%, 82.35%, and 79.93%. Consequently, it was determined that both the drug-containing and placebo optimized solidified
BUD-SLNs formulation and optimized liquid BUD-SLNs are non-cytotoxic.

Stability Studies

As presented in Table 6, the optimized BUD-SLNs exhibit no significant changes in CQAs such as PS, PDI, EE%, and cumulative drug release after 2 hours at
storage conditions of 25+2°C / 65+ 5% RH and 40 + 2°C / 75+ 5% RH.

Discussion

Solubility by Equilibrium Method

The solubility results confirm that BUD does not meet the FDA criteria for high solubility, which requires the highest dose to dissolve in < 250 mL of aqueous
media across pH 1.2-7.5 at 37°C. Similarly, the EMA considers the pH range 1.2-6.8, within which BUD also fails to qualify as highly soluble(34). This aligns
with earlier reports describing BUD as a poorly soluble compound with solubility values around 28 pug/mL in aqueous media(5, 35, 36). The markedly lower
solubility at pH 6.8 may be attributed to the weakly basic nature of BUD and its poor ionization in near-neutral to basic environments, which significantly
limits dissolution in the distal intestine(37). This poor solubility, coupled with BUD’s extensive first-pass metabolism, results in an oral bioavailability of only ~
10-20%(3, 5). Such pharmacokinetic variability is clinically important, as it may contribute to inconsistent therapeutic outcomes, particularly in the
management of IBD. Importantly, there are currently no published studies on BUD solubility under biorelevant conditions. This instability further complicates
oral delivery, as it may exacerbate variability in systemic exposure. Collectively, these findings underscore the necessity of adopting formulation strategies
aimed at enhancing solubility, stability, and bioavailability. Among the available approaches, lipid-based nanoparticles such as SLNs have shown promise in
improving solubility and protecting labile drugs from gastrointestinal degradation(9-11, 24, 33).

Solubility Studies

The solubility of BUD in various lipids was evaluated as the initial step in selecting an appropriate lipid for SLN formulation. The solubility of BUD in the lipid
matrix significantly influences the entrapment efficiency of SLNs(38), while surfactants impact solubility, drug release, and permeability(39). The high
solubility of BUD in CSA (HLB = 16), Geleol™ (HLB = 3), and Precirol® ATO 5 (HLB = 1) suggests that solubility decreases with lower HLB values. Lipids with
lower HLB values are more lipophilic, whereas higher HLB values indicate hydrophilic characteristics(40). Therefore, lipids with higher HLB values are more
suitable for the solubility of hydrophobic BUD. Based on the solubility results, CSA was selected for SLN formulation. The high solubility of BUD in these
surfactants is influenced by their HLB values, with CA25 (HLB = 15-17), G44 (HLB = 14), Gelucire® 48/16 (HLB = 16), and Tween 80 (HLB = 15) exhibiting
solubility around an HLB of 15. Based on these findings, CA25 and G44 were selected as the surfactants for SLN formulation. However, Transcutol® P is not
commonly used in oral delivery SLN. This is consistent with the literature(41).

Evaluation and Selection of Solidification Adsorbents for BUD-SLNs

The transformation of liquid BUD-SLNs into a powder form for oral use is essential for enhancing flowability, stability, and processability in pharmaceutical
applications. The choice of an appropriate solidification adsorbent plays a critical role in ensuring uniformity and performance in the final formulation.
Various excipients were evaluated based on bulk density, tapped density, Hausner ratio, Carr’s Index, and angle of repose to determine their suitability for
capsule filling(42, 43). Tan et al. (2013) reviewed solid carriers for lipid-based systems and highlighted that porous silicas such as Syloid® enhance
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flowability and compressibility while maintaining high drug loading, making them particularly advantageous for transforming liquid lipid systems into solid
dosage forms(44). Similarly, Patra et al. (2025) emphasized that Syloid® grades (e.g., Syloid® 244FP, XDP series) improve powder handling and stability
compared to Florite® and Neusilin®, which can exhibit poor flow and sticky behavior(45). In contrast, Lin et al. (2023) reported that Neusilin® can improve
flow when used in spray-dried composites, but its performance is variable, and stickiness may still occur depending on lipid ratios(46). Aldosari (2018) also
evaluated Florite®, Neusilin®, and Syloid®, showing that Syloid® carriers supported superior capsule filling due to optimal bulk density and
compressibility(47).

QbD Approach and Preliminary Studies

The QTPP was established as the first step in the QbD approach. Elements of the QTPP were identified based on regulatory guidance documents from ICH,
FDA, and EMA, which primarily address solid oral dosage forms but were adapted for application to nanoformulations(48). A comprehensive QTPP profile for
BUD-loaded SLNs was developed using prior knowledge, preliminary experimentation, and published reports. The selected CQAs included PS, PDI, EE%, and
drug release after 2 hours in pH 7.5 buffer, as these parameters directly influence in vivo performance, safety, and efficacy(15). Even though the impact of
these variables on SLN performance has been widely reported(15, 49), their relevance to the BUD-SLN formulation warranted further evaluation. Initial
analysis highlighted lipid and surfactant concentrations as the most critical factors influencing the CQAs. For example, higher lipid concentrations increased
EE% but risked elevating PS beyond the acceptable range, necessitating a balance between entrapment and particle size(21). These findings guided the
subsequent optimization of formulation variables to achieve the desired QTPP.

DoE for BUD-SLNs

The CCD-based optimization revealed consistent particle sizes of 10—11 nm for most formulations, highlighting the robustness of the hot homogenization
process for producing nanoscale particles. Such small particle sizes are advantageous for increasing drug dissolution, surface area, and absorption across
the gastrointestinal tract, consistent with prior studies on SLNs(50). The occurrence of an outlier (54.90 + 68.90 nm) suggests potential instability, likely due
to nanoparticle aggregation, a known challenge in lipid-based systems where hydrophobic interactions and surfactant imbalance can disrupt dispersion
stability(51).

The PDI values (0.07-0.25) remained within acceptable limits, supporting uniformity in particle distribution. Literature indicates that PDI values < 0.3 reflect
monodispersity, which is essential for reproducibility and predictable pharmacokinetics(52).

Similarly, the exceptionally high EE% (99.8—99.9%) aligns with reports on lipophilic drugs like BUD, where lipid matrices enable efficient drug entrapment(53).

Variability in drug release (58->100%) highlights the influence of lipid-surfactant balance. High surfactant concentrations can lead to burst release, while
excessive lipid content may restrict drug diffusion. This phenomenon has been described in other SLN systems, where optimal ratios are essential for
maintaining controlled release. The gelation observed in runs 8 and 16 further supports that exceeding the system'’s lipid-surfactant tolerance can result in
colloidal instability, as previously reported in lipid-based nanoparticle formulations(54).

The regression models showed moderate explanatory power but no predictive ability (R?(pred) = 0.00%), a common limitation in DoE optimization when non-
contributing variables are included. Similar outcomes have been reported in nanoparticle optimization studies, where overfitting reduces generalizability
despite apparent model strength. Refinement of predictor variables and expansion of the design space could improve model performance.

Taken together, the results confirm that BUD-SLNs can be reproducibly prepared with high encapsulation efficiency and nanoscale size. However, careful
optimization of lipid-surfactant ratios is required to prevent aggregation and ensure controlled release, which are critical for enhancing therapeutic
consistency.

The optimization of BUD-SLNs revealed distinct influences of lipid, surfactant, and process parameters on CQAs. For PS, the quadratic effect of HT was
significant, indicating that prolonged homogenization promoted aggregation, consistent with previous nanoparticle studies where excessive shear increased
particle size(55).

PDI trends demonstrated that uniformity was compromised by higher surfactant concentrations and extended HT, reinforcing reports that lipid-surfactant
interactions critically affect colloidal stability(56).

EE% findings highlighted that the excessive HT may lead to instability or possible leakage of the drug from the nanoparticles(57). The importance of adding
G44 and its interaction with CSA aligns with studies showing that surfactants enhance encapsulation by stabilizing drug-lipid interactions(58).

Drug release results demonstrated that both HT and CA25 concentration must be carefully optimized. Moderate levels promoted rapid and complete drug
release, while excessive values reduced performance, likely due to structural rearrangements, aggregation, premature drug leakage and/or altered drug
release kinetics(59). Similar release behaviors have been observed in other SLN-based formulations, underscoring the importance of balancing processing
conditions with lipid-surfactant ratios.

Model validation confirmed the reliability of the optimized formulation, with no significant difference between predicted and experimental values(60) and a

high desirability index (> 0.95). This demonstrates that the QbD approach successfully identified robust operating conditions for BUD-SLN development.

Characterization of Optimized BUD-SLNs
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The obtained particle size (10.15 nm) is well below 200 nm, which falls within the nanoscale range and aligns with the QTPP requirements for BUD-SLNSs.
According to the QTPP, the PS of nanoparticles should be less than 200 nm to enhance dissolution, absorption, and permeation through the gastrointestinal
epithelial lining, ultimately improving bioavailability. The low PDI (0.104) confirms a monodisperse system, which is essential for ensuring stability and
reproducibility in nanoparticle formulations(52).

The near-neutral ZP (- 3.89 mV) reflects the influence of negatively charged excipients. Nanoparticles with ZP values between - 10 mV and + 10 mV are
generally considered approximately neutral. Such near-neutral zeta potential values may influence the colloidal stability of the nanoparticles, as they may not
provide sufficient electrostatic repulsion to prevent aggregation(61, 62).

This high EE% (99.8%) can be attributed to the physicochemical properties of BUD, which is classified as a BCS Class Il drug, characterized by low aqueous
solubility and high permeability. Specifically, BUD exhibits a log P value of 3.2, indicating its lipophilic nature(3, 5, 63). The lipophilicity of BUD facilitates its
incorporation into the lipid matrix of the nanoparticles, leading to the observed high EE%. This is consistent with previous literature(53, 64, 65).

Pure BUD exhibited a distinct endothermic peak consistent with its reported melting point (66). This characteristic peak completely disappeared in the
thermogram of the optimized BUD-SLNs, indicating successful encapsulation and molecular dispersion of the drug within the lipid matrix. The DSC
thermogram of the formulation displayed a single sharp endothermic peak at approximately 44.24°C, corresponding to CSA, the lipid carrier. This thermal
profile suggests the solubilized state within the lipid matrix(33).

The absence of drug release at pH 1.2 confirms that the selected capsules effectively resisted gastric disintegration, thereby protecting the drug from the
harsh gastric environment. The formulation employed Embocaps Acid Protection Capsules, which eliminates the need for post-filling coating processes,
reducing both manufacturing costs and processing time(67). The optimized solidified BUD-SLNs exhibited an enhanced dissolution rate and solubility,
attributed to nanosizing and lipid-based formulation, facilitating faster systemic absorption and improved bioavailability(9-13, 24, 33, 59). In contrast, the
marketed product is designed with an enteric polymeric formulation that facilitates a controlled and gradual drug release in buffered conditions. This
formulation provides approximately 75% drug release at the 6-hour mark, after which it plateaued. This is consistent with the literature(29).

The biorelevant media results emphasize the superior dissolution of optimized SLNs under both conditions. However, drug release was slightly higher in
FeSSIF, suggesting that the presence of bile salts and lipids in the fed state may further facilitate solubilization of the lipid-based nanoparticle formulation.
The rapid dissolution indicates that the nanosizing and lipid-based nanoparticles formulation significantly enhances drug solubility and dissolution rate,
potentially leading to improved absorption and bioavailability in vivo. In contrast, the marketed product displayed no noticeable drug release in either FaSSIF
or FeSSIF during the study. The marketed product (enteric-coated) is composed of polymeric acids, and their dissolution is significantly influenced by the pH
and buffer capacity of the dissolution medium. The marketed product is designed to release BUD specifically at the high pH (> 7.0) levels found in the distal
ileum or colon, and this release occurs under highly buffered conditions(6).

In vitro lipolysis confirmed efficient digestion of the lipid matrix and sustained solubilization of BUD in the aqueous phase, ensuring stability during enzymatic
hydrolysis(31). The absence of a sharp decline in BUD concentration post-enzyme addition indicates that the lipid (CSA) and surfactant (CA25) together
confer enzymatic stability to the SLNs. This stability helps preserve drug content and enhances the likelihood of improved bioavailability upon oral
administration.

Cytotoxicity studies demonstrated that both liquid and solid SLN formulations are biocompatible, with viability above the 80% threshold considered safe(68,
69). This aligns with prior reports on SLNs as safe oral delivery systems.

The stability study findings are consistent with the established QTPP. Therefore, it can be concluded that the optimized BUD-SLNs maintain stability for up to
3 months under both conditions(33, 59).

Conclusion

This study successfully employed a Quality by Design (QbD) approach to develop and optimize solid lipid nanoparticles (SLNs) encapsulating budesonide, a
poorly water-soluble corticosteroid. Through systematic design of experiments, key formulation parameters, including lipid and surfactant concentrations
and homogenization time were optimized to yield nanoparticles with desirable critical quality attributes. The optimized BUD-SLNs demonstrated a uniform
nano-sized particle size, low polydispersity index, high entrapment efficiency, and enhanced drug release under both phosphate buffer and biorelevant media.
In vitro lipolysis confirmed the formulation’s robustness during gastrointestinal digestion, and cytotoxicity testing confirmed the non-toxic nature of both
liquid and solid forms. Thermal analysis and stability studies further confirmed the structural integrity and physical stability of the formulation. Collectively,
these results highlight the promise of BUD-SLNs as an effective oral drug delivery system capable of enhancing the solubility, stability, and potential
bioavailability of budesonide. Further in vivo studies are reasonable to confirm these findings and explore clinical translation.
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Table 1

Solubility results of 9 mg BUD in different media at 37°C (mean + SD, n = 3).

Dose (D) (mg) Media Solubility (S) (mg/mL) £SD  D/S Ratio (mL) D,

9 1.2 0.027( 0.09) 324 1.29
45 0.027(+ 0.04) 324 1.29
6.8 0.024(+ 0.06) 362 1.45
FasSIF - . -
“FeSSIF - ; -

Table 2

CQAs of BUD-SLNSs.

CQAs of final product Target Isita Justification(s)
CQA?
Physical Attributes Appearance acceptable to No Appearance and odor do not directly affect the performance of SLNs.
the patient with odorless Also, Appearance and odor are not directly linked to safety and
efficacy.

Particle Size <200 nm Yes Smaller particle size enhances dissolution and results in permeation
through gastrointestinal epithelial cell lining, which can influence on
safety and efficacy.

Polydispersity Index <0.2 Yes It indicates a narrow particle size distribution, which can influence
dissolution results.

Zeta Potential Higher than + 30 mV or No Zeta potential is necessary for maintaining the stability of the

less than - 30 mV system.

Entrapment Efficiency >90% Yes Maximum value of entrapment efficiency is essential, which can
influence therapeutic effect directly.

Dissolution: Acid stage: No release Yes It indicates drug release from SLNs in ileum targeting, which can

According to FDA, Buffer stage: According to influence safety and efficacy directly.

Acid stage: 0.1 N HCI 2 h, 1000ml| (29), NLT 75%

Phosphate buffer: pH 7.5, 1000ml for

8 hiin USP Il (Paddle, 75 rpm)

apparatus

Table 3

Levels of independent variables and constraints of responses.

Independent variables Levels
Low (-1) High (+1)

X4= Lipid concentration (Cetyl stearyl alcohol, %) 10 15
X,= Surfactant concentration (Cremophor® A25,%) 0 5
X3= Surfactant concentration (Gelucire® 44/14,%) 0 5
X4= Homogenization time (min) 10 20
Dependent variables Condition  Objective ~ Minimum  Target Maximum
Y, = Particle size (nm) Required  Minimize - 100 200
Y, = Polydispersity index Required  Minimize - 0.2 0.25
Y= Entrapment efficiency (EE%) Required  Maximize 70 90 100
Y, = Cumulative drug release after 2 h (%) Required Maximize 75 90 100
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Table 4

Experimental design of the prepared BUD-SLNs formulations and correspondent characterization parameters (mean + SD, n = 3).

Run

13

15

11

18

17

21

22

24

25

23

27

26

20

14

16
12

10

Factors (Independent variables)

Lipid concentration
(CSA, %)
(X4)

10
10
10
10
10
10
10
10
10
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
15
15
15
15

15
15

15

15

Surfactant
concentration (CA25,
%)

(X2)

0

2.5

2.5

2.5
2.5
2.5
2.5
2.5

2.5

Surfactant HT
concentration (G44, (min)
%) (x4)
(X3)

0 20
0 10
5 10
5 10
5 20
0 10
5 20
0 20
2.5 15
2.5 15
2.5 15
0 15
2.5 10
2.5 20
5 15
2.5 15
2.5 15
2.5 15
5 10
0 10
5 20
0 10
5 20
0 20
0 20
5 10
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Responses (Dependent variables)

PS (nm)
(Y1

PDI
(¥2)

o= o=

— O N O w o N B —O o o o N
[oc] O N o ~ oo o
I+ I+ I+ I+ I+ I+ I+

oo oo oo oo oN o=
[oe]
I+

OoON o=
B (o] o
I+ I+ I+

- N O Ng ww N 0o
I+

oN oo o=
o
I+

o= oo oN o= o= o=

—=Oo —=Oo — 00 w = N O NO w100 N Gl
S a - N [&)] [oe] ~
I+ I+ I+ I+ I+ I+ I+

OO | 90 | 00 | 90 | 00 | 00 | OO0 | 00| 00| 00| 00| 00| 00 | 00| 00 | 00 | 00 | 00 | 00 | OO0 | OO | OO
o

EE (%)
(Y3)

99.80 +
0.01

99.81+
0.02

99.84 +
0.23

99.79
0.03

99.78 +
0.1

99.80 +
0.01

99.82
0.1

99.81
0.03

99.78 +
0.01

99.86 +
0.00

99.86 +
0.04

99.78 +
0.01

99.78 +
0.50

99.85+
0.12

99.81+
0.01

99.86 +
0.00

99.86 +
0.00

99.92+
0.04

99.83 +
0.05

99.80 +
0.01

99.92
0.07

99.78 +
0.01

99.79
0.02

99.78 +
0.01

Cumulative drug
release after 2 h (%)

(Yq)

96.49 +4.79
104.52+3.96
102.59 +2.28
91.83+3.40
97.91+3.05
101.63+2.23
58.48+7.78
94.87+5.12
86.48 +0.96
106.87+4.73
67.43+9.77
89.18+5.57
102.6 +7.55
105.2+3.42
96.62+4.67
106.05+3.26
95.21+1.87
55.78+4.99
114.04+£6.20
98.53+2.30
116.91+8.70

101.54+0.75

81.2+1.92

109.78 +9.53




Run Factors (Independent variables)

Responses (Dependent variables)

Lipid concentration  Surfactant Surfactant HT PS (hm) PDI EE (%) Cumulative drug
(CSA, %) concentration (CA25, concentration (G44, (min) (Y1) (Y2) (Y3) release after 2 h (%)
(X4) %) %) (x4) (Yq)
(X2) (X3)
19 15 2.5 2.5 15 1031+ 0.123 99.83 ¢ 106.24+£9.90
0.03 0.02 0.08
Table 5

Actual values and predicted values for all dependent variables of the optimized formulation, along with their P-values (mean + SC

0
1
2
3

0
1
2

Months  PS (nm)

10.15+0.12
11.00£0.01
11.92+0.08
12.15+0.06

40+2°C/75+5% RH
Months  PS (nm)

10.15+0.12
11.56 +£0.07
11.80+0.10
12.82+0.04

PDI

0.104 +0.01
0.126 +0.01
0.162+0.02
0.189+0.01

PDI

0.104 +0.01
0.150 +0.09
0.175+0.01
0.191+0.04

EE (%)
99.8040.01
99.30+0.04
99.30+0.02
99.20+0.01

EE (%)

99.80 + 0.01
99.50 +0.00
99.20+0.01
99.00 +0.02

Cumulative drug release after 2 h (%)

98.53+2.30
98.32+3.02
97.45+2.51
97.08 +4.67

Cumulative drug release after 2 h (%)
98.53+2.30
98.00+2.79
97.05+3.48
96.98 £3.91

Figures
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Run  Factors (Independent variables) Actual Value Predicted value P-
Responses (Dependent variables) Responses (Dependent variables)
Lipid Surfactant Surfactant HT PS PDI EE% Cumulative  PS PDI EE% Cumulative  PS
concentration  concentration  concentration  (min)  (hm) (Y2) (Y3) drug nm) (Y2) (Y3) drug ni
(CSA, %) (X1) CA25, %) (G44, %) (X3) X4) Y1) release Y1) release Y
X2) after 2 h after 2 h
(%) (Ya) (%) (Ya)
4 15 5 0 10 10.15 0.104 99.80 98.53 9.5 0.088 99.80 97.93 0.
+0.12 +0.01 +0.01 £2.30 + +0.03 +0.01 83
1.15
Table 6
Stability studies of optimized BUD-SLNs.
25+2°C/65+*5% RH



25

20

15

10

45

35

30

25

20

15

10
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Cetyl Stearyl Geleol™ Kolliwax® S Precirol® Compritol® Novata® Novata® B Cutina® CP Compritol® Compritol®
Alcohol ATOS 888 ATO BCF PH PH 888 ATO E ATO
(Powder) (Pellets)

(b)

Transcutol P® Cremophor® A25 Gelucire® 44/14 Tween 80 Gelucire® 48/16 Pluronic® F-127 Pluronic® F68
(Poloxamer 188)

Figure 1

Solubility studies of BUD in various a) solid lipids, (b) surfactants (mg/g) (meantSD, n=3).
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Standardized Effect

Effect Type
# Not Significant
B AE W Significant
Factor Name
A Cetyl stearyl alcahol (%)
B Cremophor AZS (%)
c Gelucire 44/14 (%)
D Homogenization Time (minutes)
3
Effect Type

® Not Significant
W Significant

Factor Name

A Cetyl stearyl alcohol (%)

B Cremophor A25 (%)

c Gelucire 44/14 (%)

o] Homaogenization Time {minutes)

(d)

99 99
Effect Type
® Not Significant
55 | Rslsl B Significant a5
0 Factor Name 350
80| A Cetyl stearyl alcohol (%)
8 Cremophor A25 (%) 80
70 c Gelucire 44/14 (%) 70
E 60+ D Homogenization Time (minutes) T 60
o
E 50+ S s
o 40 g 40
20 30
204 20
10 10
5 5
(@
14 . 1L
-3 4 3
Standardized Effect
99 99
Effect Type
® Not Significant
95 8 W Significant 95
0 Factor Mame %0
20 A Cetyl stearyl aleohal (%)
| B Cremophar A25 (%) 80
70 C Gelucire 44714 (%) 70
5 &0 D Homogenization Time (minutes) = 60
o 50 § 50
& 40 & 40
30 30
20 20
10 10
5 5
(c)
1 1
-3 -2 -1 o 1 2 3
Standardized Effect
Figure 2

-1 o 1
Standardized Effect

Normal plot of standardized effects for (a) PS, (b) PDI, (c) EE%, and (d) Cumulative drug release after 2 hours.
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Figure 3
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Surface plots for (a) PS, (b) PDI, (c) EE%, and (d) Cumulative drug release after 2 hours.
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Figure 4

(a) Dissolution profiles in acidic (pH=1.2) and phosphate buffer (pH=7.5) medium, (b) Dissolution profiles in FaSSIF/FeSSIF medium of optimized BUD-SLNs

and marked product (meantSD, n=3) (The blue line is parallel and below the orange line in FaSSIF/FeSSIF medium), (c) In vitro lipolysis performance study of
optimized BUD-SLNs formulation.
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