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ABSTRACT 
Alzheimer's disease (AD) remains one of the most devastating and therapeutically recalcitrant neurodegenerative disorders 
worldwide, characterized by progressive amyloid-β plaque deposition, neurofibrillary tau tangles, neuroinflammation, and 
oxidative stress culminating in irreversible cognitive decline. Curcumin, the principal bioactive constituent of Curcuma longa, 
possesses extraordinary neuroprotective, anti-amyloidogenic, anti-inflammatory, and antioxidant properties; however, its 
clinical translation has been profoundly constrained by poor aqueous solubility, rapid systemic metabolism, and particularly 
inadequate blood-brain barrier (BBB) penetration. Encapsulation within polymeric nanoparticles (PNPs) constructed from 
biocompatible and biodegradable polymers such as poly(lactic-co-glycolic acid) (PLGA) and polycaprolactone (PCL) offers a 
compelling strategy to circumvent these pharmacokinetic deficiencies. Nevertheless, the intrinsically high-dimensional and 
nonlinear nature of nanoformulation design—governed by complex interdependencies among polymer concentration, 
surfactant type, solvent ratios, drug-to-polymer ratios, and processing parameters—renders empirical optimization approaches 
inadequate. This study presents the systematic development, artificial intelligence (AI)-assisted optimization, and in vitro 
evaluation of curcumin-encapsulated PLGA-PCL polymeric nanoparticles engineered for targeted BBB traversal in 
Alzheimer's disease therapy. Artificial neural network (ANN) and response surface methodology (RSM) frameworks, 
integrated within a Quality by Design (QbD) paradigm, were employed to identify formulation optima predictively and with 
mechanistic resolution. Optimized nanoparticles exhibited a mean hydrodynamic diameter of 142.3 ± 6.8 nm, zeta potential of 
−28.7 ± 1.4 mV, encapsulation efficiency of 87.4 ± 2.1%, and sustained drug release exceeding 72 hours conforming to 
Korsmeyer-Peppas kinetics. In vitro BBB permeability assays on hCMEC/D3 monolayers demonstrated an apparent 
permeability coefficient (Papp) of 18.6 × 10−6 cm/s, with SH-SY5Y neuroprotection assays confirming substantial 
cytoprotective activity against amyloid-β 1-42-induced neurotoxicity. ANN models attained a predictive R2 of 0.9891, 
outperforming classical RSM approaches. These findings validate AI-driven computational optimization as a transformative 
paradigm in nanoformulation science and position curcumin-loaded PNPs as a scientifically compelling candidate for AD-
targeted nanomedicine. 
Keywords: Alzheimer's disease; curcumin nanoparticles; PLGA-PCL polymeric nanoparticles; artificial neural network 
optimization; blood-brain barrier permeability; Quality by Design; neuroprotective nanomedicine. 
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1. INTRODUCTION 
The global burden of Alzheimer's disease (AD) has escalated 
to a public health emergency of unprecedented magnitude, 
affecting an estimated 55 million individuals worldwide with 
projections forecasting a tripling of this figure by 2050 in the 
absence of transformative disease-modifying interventions.1 
Pathologically, AD is defined by the progressive cerebral 
accumulation of extracellular amyloid-β (Aβ) oligomers and 
plaques, intraneuronal neurofibrillary tangles (NFTs) 
composed of hyperphosphorylated tau protein, persistent 
neuroinflammatory cascades mediated by activated microglia 
and astrocytes, oxidative stress amplification, and ultimately 
the irreversible atrophy of the hippocampus and entorhinal 
cortex.2 Despite decades of intensive pharmaceutical inquiry, 
current FDA-approved pharmacotherapies—cholinesterase 
inhibitors and memantine—afford only palliative 
symptomatic relief without meaningfully altering disease 
trajectory, underscoring the urgent necessity for 
fundamentally novel therapeutic paradigms. 
Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione), the principal curcuminoid isolated 
from the rhizomes of Curcuma longa, has attracted sustained 
and expanding scientific attention for its multidimensional 
neuroprotective mechanisms directly relevant to AD 
pathology. Accumulating experimental evidence substantiates 
that curcumin directly disaggregates Aβ fibrils, inhibits β-
secretase (BACE-1) enzymatic activity, suppresses NF-κB-
mediated neuroinflammatory signaling, scavenges reactive 
oxygen species (ROS), and chelates neurotoxic metal ions 
including copper and iron.3 Epidemiological observations 
from South Asian populations with historically high dietary 
curcumin consumption and correspondingly lower AD 
prevalence have reinforced interest in its prophylactic and 
therapeutic potential.5 Nevertheless, curcumin's translational 
trajectory has been profoundly frustrated by its intrinsic 
physicochemical liabilities: water solubility below 0.6 μg/mL 
at physiological pH, rapid gastrointestinal degradation, 
extensive first-pass hepatic glucuronidation and sulfation, and 
critically, negligible capacity to traverse the blood-brain 
barrier (BBB) in pharmacologically relevant concentrations 
following oral administration. 
The blood-brain barrier represents the definitive 
pharmacological checkpoint in central nervous system (CNS) 
drug delivery, constituted by tightly sealed cerebrovascular 
endothelial cells interconnected by claudin-5, occludin, and 
ZO-1 tight junction proteins, supplemented by pericyte and 
astrocytic end-foot contributions to barrier integrity.6 
Therapeutic molecules must satisfy stringent criteria regarding 
molecular weight (<400-500 Da), lipophilicity (optimal log P 

1-3), hydrogen bond donor/acceptor count, and plasma protein 
binding to passively diffuse through this formidable biological 
interface. While curcumin possesses favorable lipophilicity 
(log P ≈3.0), its rapid metabolism generates curcumin-
glucuronide and curcumin-sulfate conjugates with markedly 
diminished BBB penetrability, rendering systemic 
administration therapeutically ineffective for CNS targeting. 
Polymeric nanoparticles (PNPs) constructed from 
biodegradable, biocompatible polymers—principally 
poly(lactic-co-glycolic acid) (PLGA) and polycaprolactone 
(PCL)—have emerged as the most rigorously characterized 
and clinically translatable platforms for CNS drug delivery.7 
PLGA's FDA-approved status, tuneable degradation kinetics 
governed by the lactide:glycolide molar ratio, and established 
safety profile collectively distinguish it as the polymer of 
choice for sustained-release nanoformulations. PCL's 
complementary attributes—enhanced mechanical flexibility, 
slower hydrolytic degradation, and favorable compatibility 
with hydrophobic payloads—make PLGA-PCL blended 
systems particularly attractive for achieving biphasic drug 
release profiles.8 Nanoencapsulation protects curcumin from 
metabolic degradation, prolongs systemic circulation, 
facilitates passive accumulation in brain tissue through size-
dependent transcytosis mechanisms, and enables surface 
engineering with targeting ligands to actively recruit BBB 
endothelial transporters. 
The formulation of high-performance curcumin PNPs 
demands the simultaneous optimization of numerous 
interdependent variables—encompassing polymer molecular 
weight and composition, drug-to-polymer mass ratio, 
stabilizer concentration and type, solvent system composition, 
homogenization parameters, and lyophilization conditions—
whose complex nonlinear interactions fundamentally defy 
conventional one-variable-at-a-time (OVAT) experimental 
approaches.9 This challenge has catalyzed the application of 
artificial intelligence (AI) and machine learning (ML) 
methodologies as rational computational frameworks capable 
of decoding high-dimensional formulation-property 
landscapes. Artificial neural networks (ANNs) possess an 
innate capacity to model intricate nonlinear input-output 
relationships without requiring a priori mechanistic 
assumptions, while response surface methodology (RSM) 
employing Box-Behnken and central composite designs 
provides mathematically tractable approximations of response 
surfaces amenable to analytical optimization.10 
Quality by Design (QbD), as articulated in ICH Q8(R2) and 
Q9 guidelines, establishes a systematic, risk-informed 
framework for pharmaceutical development wherein design 
space exploration, critical quality attribute (CQA) 
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identification, and critical material attribute (CMA) 
characterization are prospectively integrated to ensure robust 
and reproducible product quality.11 The integration of ANN-
based predictive modeling with QbD principles represents a 
particularly powerful synthesis for nanoformulation 
development, enabling data-driven navigation of the design 
space while maintaining regulatory alignment. Emerging 
literature has demonstrated the superior predictive accuracy of 
deep learning and hybrid ANN-RSM frameworks relative to 
classical polynomial response surface models for nanoparticle 
optimization across diverse therapeutic applications.12 
The present investigation was designed to systematically 
address these converging scientific imperatives: (i) to engineer 
PLGA-PCL polymeric nanoparticles with optimized 
physicochemical attributes for curcumin encapsulation and 
BBB-targeted delivery; (ii) to apply and comparatively 
evaluate ANN and RSM computational optimization 
frameworks within a QbD paradigm; (iii) to characterize 
nanoparticle performance across a comprehensive battery of in 
vitro assessments including drug release kinetics, BBB 
permeability, cellular uptake, and neuroprotective efficacy; 
and (iv) to critically delineate the mechanistic advantages of 
AI-driven formulation optimization in advancing the 
translational prospect of curcumin nanomedicine for 
Alzheimer's disease therapy. 
2. MATERIALS 
PLGA (50:50, MW 24,000–38,000 Da, acid-terminated) and 
PCL (MW 80,000 Da) were procured from Sigma-Aldrich (St. 
Louis, MO, USA). Curcumin (≥98% purity, HPLC grade) was 
sourced from Sisco Research Laboratories Pvt. Ltd. (Mumbai, 
India). Polyvinyl alcohol (PVA, MW 30,000–70,000 Da, 87–
90% hydrolyzed), Poloxamer 188, and Polysorbate 80 (Tween 
80) were obtained from Sigma-Aldrich. Acetonitrile and 
dichloromethane (DCM; HPLC grade) were purchased from 
Merck KGaA (Darmstadt, Germany). Acetone (analytical 
grade) was sourced from Fisher Scientific (Waltham, MA, 
USA). Dimethyl sulfoxide (DMSO, cell culture grade), 
phosphate-buffered saline (PBS, pH 7.4), and HEPES buffer 
were acquired from HiMedia Laboratories (Mumbai, India). 
For in vitro biological assessments, human cerebral 
microvascular endothelial cells (hCMEC/D3) and human 
neuroblastoma SH-SY5Y cells were obtained from ATCC 
(Manassas, VA, USA). Endothelial growth medium (EGM-2 
BulletKit) was procured from Lonza (Basel, Switzerland). 
Dulbecco's Modified Eagle Medium (DMEM), fetal bovine 
serum (FBS, heat-inactivated), penicillin-streptomycin 
solution, and trypsin-EDTA were sourced from Gibco, 
Thermo Fisher Scientific (Waltham, MA, USA). Amyloid-β 
1–42 peptide (Aβ1-42) was purchased from Bachem AG 

(Bubendorf, Switzerland) and oligomerized according to 
established protocols prior to cytotoxicity assays.13 
Fluorescent tracer FITC-dextran (MW 40 kDa) for BBB 
integrity assessment and Rhodamine 123 were obtained from 
Sigma-Aldrich. Cell viability was assessed using the MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
assay reagent from Sigma-Aldrich. All reagents used were of 
analytical or HPLC grade, and aqueous solutions were 
prepared using ultrapure water produced by a Milli-Q® 
Advantage A10 system (Merck Millipore, Burlington, MA, 
USA). 
3. METHODS 
3.1 Polymer Selection and Characterization Rationale 
The selection of PLGA (50:50 lactide:glycolide) and PCL as 
the polymeric matrix was predicated on a multi-criteria 
evaluation encompassing biodegradability kinetics, drug-
polymer thermodynamic compatibility, regulatory 
acceptability, and nanoparticle stability profiles. PLGA 50:50 
undergoes near-complete hydrolytic degradation within 4-6 
weeks under physiological conditions, affording temporally 
controlled drug release commensurate with the desired 
sustained-delivery objective.14 The blend ratio of PLGA:PCL 
was systematically varied from 80:20 to 60:40 (w/w) as an 
independent formulation variable, with higher PCL content 
theoretically moderating degradation kinetics and extending 
the drug release window. Hansen solubility parameter analysis 
was performed computationally to assess thermodynamic 
miscibility between curcumin and each polymer individually 
as well as in blended configurations, confirming favorable δ 
values (∆δ <5 MPa0.5) indicative of solid dispersion 
compatibility. 
3.2 Curcumin Encapsulation Strategy 
Given curcumin's highly hydrophobic character (log P 3.0, 
water solubility <1 μg/mL), the emulsification-solvent 
evaporation method using an oil-in-water (O/W) single 
emulsion system was adopted as the primary encapsulation 
platform. This approach exploits the preferential partitioning 
of curcumin into the organic polymer phase, ensuring efficient 
payload entrapment during nanoparticle matrix solidification. 
The O/W emulsion configuration was selected over 
nanoprecipitation to accommodate higher drug loading (>10% 
w/w) and to afford greater control over particle size through 
aqueous phase composition modulation. The critical role of 
interfacial stabilization in determining final encapsulation 
efficiency (EE%) was explicitly recognized, motivating the 
systematic evaluation of PVA (0.5-2.0% w/v), Poloxamer 188 
(0.25-1.0% w/v), and Tween 80 (0.1-0.5% w/v) as 
independent stabilizer variables within the experimental 
design framework. 
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3.3 Nanoparticle Preparation Protocol 
Curcumin-loaded PLGA-PCL nanoparticles were fabricated 
through a modified single-emulsion solvent evaporation 
methodology. Briefly, a defined mass of PLGA-PCL blend 
(total polymer: 50-150 mg) was dissolved in 4 mL of 
DCM:acetone (3:1, v/v) organic phase with curcumin at a 
predetermined drug-to-polymer ratio (1:5, 1:10, or 1:15 w/w). 
The organic solution was introduced dropwise into 20 mL of 
aqueous stabilizer solution maintained at 4°C under 
continuous magnetic stirring at 600 rpm. Pre-emulsification 
was achieved using a probe sonicator (QSonica Q500, 
Newtown, CT, USA) at 40% amplitude for 60 seconds on ice 
to generate the primary emulsion. Subsequent high-shear 
homogenization was performed using a rotor-stator 
homogenizer at 15,000 rpm for 3 minutes to yield a stable O/W 
nanoemulsion. Organic solvent evaporation was conducted 
under reduced pressure (150 mbar) at 30°C for 4 hours using 
a rotary evaporator (Buchi R-300, Flawil, Switzerland), 
followed by overnight magnetic stirring at ambient 
temperature to ensure complete solvent elimination. 
Nanoparticle dispersions were purified by centrifugation at 
14,000 × g for 20 minutes at 4°C (Beckman Coulter Allegra 
X-30R, Brea, CA, USA), washing the pellet twice with 
ultrapure water to remove unencapsulated curcumin and 
residual surfactant. The washed pellets were resuspended in 
ultrapure water containing trehalose (5% w/v) as a 
cryoprotectant and lyophilized (Christ Alpha 1-2 LD Plus, 
Osterode am Harz, Germany) using a cycle of primary drying 
at -40°C/0.1 mbar for 24 hours followed by secondary drying 
at 25°C/0.01 mbar for 12 hours. Lyophilized powders were 
stored at -20°C under desiccation until further 
characterization. 
3.4 Design of Experiments and Quality by Design 
Framework 
A systematic QbD-guided experimental design was 
implemented to delineate the relationships between 
formulation-derived critical material attributes (CMAs) and 
process parameters (CPPs) and the nanoparticle critical quality 
attributes (CQAs). Following an initial risk assessment using 
an Ishikawa fishbone diagram supplemented by failure mode 
and effects analysis (FMEA), four independent variables were 
identified as highest-priority candidates: (X1) polymer 
concentration (50–150 mg, three levels: 50, 100, 150 mg); 
(X2) drug-to-polymer ratio (1:5, 1:10, 1:15 w/w); (X3) PVA 
concentration (0.5%, 1.25%, 2.0% w/v); and (X4) sonication 
amplitude (20%, 40%, 60%). The dependent CQAs comprised 
particle size (Y1, nm), polydispersity index (Y2), zeta 
potential (Y3, mV), encapsulation efficiency (Y4, %), and 72-
hour cumulative drug release (Y5, %). 

A Box-Behnken Design (BBD) with four factors and three 
levels generating 29 experimental runs (including 5 center-
point replicates for pure error estimation) was constructed 
using Design-Expert® software version 13 (Stat-Ease Inc., 
Minneapolis, MN, USA). All experimental runs were 
performed in randomized order to minimize systematic bias. 
RSM quadratic polynomial models were fitted to each CQA 
response, and ANOVA-based model adequacy was assessed 
through F-values, p-values, lack-of-fit tests, and coefficient of 
determination (R2, adjusted R2, predicted R2). Perturbation 
plots, contour maps, and three-dimensional response surface 
graphs were generated to visualize factor-response 
relationships and identify interaction effects. 
3.5 Artificial Neural Network Architecture and Training 
An ANN-based predictive model was developed in parallel 
with RSM to capture the nonlinear, high-order interactions 
among formulation variables that polynomial response surface 
models are constitutionally unable to represent. A multilayer 
feed-forward network with backpropagation training was 
implemented using Python 3.9 with the TensorFlow 
2.10/Keras framework and scikit-learn 1.2 auxiliary libraries. 
The network topology comprised an input layer with four 
neurons corresponding to the four formulation independent 
variables, two hidden layers (H1: 12 neurons; H2: 8 neurons) 
employing rectified linear unit (ReLU) activation functions, 
and an output layer of five neurons representing the five CQA 
responses. This architecture was selected following systematic 
hyperparameter optimization using a grid-search cross-
validation protocol evaluating network depths (1-4 hidden 
layers), neuron counts (4-32 per layer), activation functions 
(ReLU, tanh, sigmoid), and batch normalization 
configurations. 
The 29 BBD experimental dataset was augmented through 
Latin hypercube sampling-based synthetic data generation (n 
= 200 additional points) to improve generalizability and 
mitigate overfitting risks inherent in small experimental 
datasets—a challenge routinely encountered in 
pharmaceutical nanoformulation studies. The combined 
dataset (n = 229) was partitioned into training (70%), 
validation (15%), and test (15%) subsets using stratified 
random sampling. The Adam optimizer with an initial learning 
rate of 0.001 and exponential decay schedule was employed, 
with training conducted over 1,000 epochs with early stopping 
(patience = 50 epochs) triggered on validation loss plateaus. 
L2 regularization (λ = 0.001) and dropout layers (rate = 0.2) 
between hidden layers were incorporated to prevent 
overfitting. Model performance was evaluated using root 
mean square error (RMSE), mean absolute error (MAE), and 
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coefficient of determination (R2) computed on the held-out test 
set. 
3.6 Computational Molecular Modeling 
Molecular dynamics (MD) simulations were executed using 
GROMACS 2022.4 with the CHARMM36 force field to 
investigate the thermodynamic basis of curcumin 
encapsulation within PLGA oligomeric matrices and 
curcumin-Aβ interaction energetics. Curcumin topology 
parameters were generated using the CHARMM General 
Force Field (CGenFF) parameterization server. PLGA 
oligomers consisting of five lactide and five glycolide 
monomers were constructed using the POLYPLY package. 
Simulations were performed in explicit TIP3P water models 
within a cubic periodic boundary box extending 1.2 nm from 
all solute atoms. Each system was energy-minimized using the 
steepest descent algorithm (50,000 steps, Fmax < 10 
kJ/mol/nm), equilibrated sequentially under NVT (300 K, 100 
ps) and NPT (300 K, 1 bar, 200 ps) ensembles using velocity-
rescaling thermostat and Parrinello-Rahman barostat, 
respectively, followed by 100-ns production MD trajectories. 
Binding free energies of curcumin-PLGA complexes were 
computed using the molecular mechanics-Poisson-Boltzmann 
surface area (MM-PBSA) method. 
Additionally, molecular docking of curcumin against BACE-
1 (PDB: 2QMF) was performed using AutoDock Vina 1.2 to 
validate mechanistic anti-AD activity. The BACE-1 crystal 
structure was retrieved from the Protein Data Bank, 
preprocessed using AutoDockTools 1.5.7 (addition of 
hydrogen atoms, assignment of Gasteiger charges, definition 
of a 20 × 20 × 20 Å docking grid centered on the catalytic 
aspartyl dyad), and docking was performed using an 
exhaustiveness parameter of 32 with 20 binding poses 
generated per run. Results were visualized using UCSF 
Chimera 1.16 and Discovery Studio Visualizer 2021. 
3.7 Nanoparticle Physicochemical Characterization 
Hydrodynamic particle size, polydispersity index (PDI), and 
zeta potential were measured by dynamic light scattering 
(DLS) and electrophoretic light scattering (ELS) using a 
Zetasizer Nano ZSP instrument (Malvern Panalytical, 
Worcestershire, UK) at 25°C with a 173° backscatter detection 
angle. Measurements were performed in triplicate on 
nanoparticle dispersions diluted 1:100 (v/v) in 1 mM KCl (for 
zeta potential) or ultrapure water (for size). Nanoparticle 
morphology was examined by transmission electron 
microscopy (TEM) using a JEOL JEM-2100F instrument 
operated at 200 kV; samples were prepared by depositing 5 μL 
of diluted dispersion onto carbon-coated copper grids (400 
mesh), blot-drying, and negatively staining with 1% 
phosphotungstic acid. Surface chemistry was investigated by 

X-ray photoelectron spectroscopy (XPS) using a Thermo 
Fisher ESCALAB Xi+ spectrometer (Al Kα X-ray source, 
1486.6 eV). 
Solid-state characterization of lyophilized nanoparticles and 
physical mixtures employed differential scanning calorimetry 
(DSC; TA Instruments Q2000, New Castle, DE, USA), 
thermogravimetric analysis (TGA; TA Instruments Q50), and 
X-ray powder diffraction (XRPD; PANalytical X'Pert PRO 
diffractometer, Cu Kα radiation, 2θ = 5–50°, step size 0.02°). 
Fourier-transform infrared spectroscopy (FT-IR) was 
performed on KBr-dispersed pellets using a Perkin-Elmer 
Spectrum Two instrument (wavenumber range 4000–400 
cm−1, 32 scans, 4 cm−1 resolution) to confirm curcumin 
encapsulation and polymer-drug interactions. 
3.8 Encapsulation Efficiency and Drug Loading 
Encapsulation efficiency (EE%) and drug loading capacity 
(DL%) were determined by indirect quantification. Post-
centrifugation supernatants were collected, and 
unencapsulated curcumin concentration was quantified by 
reverse-phase HPLC (Shimadzu LC-2030C 3D, Kyoto, Japan) 
employing a C18 analytical column (Phenomenex Kinetex, 
150 × 4.6 mm, 5 μm) at 25°C with an isocratic mobile phase 
of acetonitrile:0.1% orthophosphoric acid (65:35, v/v) at 1.0 
mL/min flow rate, UV detection at 425 nm, and injection 
volume of 20 μL. Method validation encompassed linearity 
(R2 = 0.9998, range 0.5–50 μg/mL), accuracy (99.2–101.3% 
recovery), precision (RSD <2%), LOD (0.16 μg/mL), and 
LOQ (0.48 μg/mL) determinations. EE% was calculated as: 
EE% = [(Total curcumin added − Free curcumin in 
supernatant) / Total curcumin added] × 100. 
3.9 In Vitro Drug Release Study 
Curcumin release profiles from optimized nanoparticles were 
evaluated under simulated physiological conditions using a 
dialysis membrane diffusion method. Lyophilized 
nanoparticles equivalent to 2 mg curcumin were reconstituted 
in 2 mL PBS (pH 7.4) and transferred into pre-swollen dialysis 
bags (MWCO 12,000–14,000 Da; Spectrum Labs, Rancho 
Dominguez, CA, USA). Bags were immersed in 50 mL release 
medium (PBS pH 7.4 containing 0.5% Tween 80 to maintain 
sink conditions for the hydrophobic payload) maintained at 37 
± 0.5°C under continuous orbital shaking at 100 rpm (Julabo 
SW23 shaker bath, Seelbach, Germany). Aliquots (1 mL) were 
withdrawn at predetermined intervals (0.5, 1, 2, 4, 8, 12, 24, 
48, 72 hours) and replaced with equal volumes of fresh release 
medium to maintain sink conditions. Curcumin concentrations 
in withdrawn aliquots were determined by HPLC as described. 
Release data were subjected to mathematical kinetic modeling 
using zero-order, first-order, Higuchi, Hixson-Crowell, and 
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Korsmeyer-Peppas models; goodness-of-fit was assessed 
through R2 and Akaike Information Criterion (AIC) values. 
3.10 Stability Analysis 
Physical and chemical stability of optimized lyophilized 
nanoparticles was assessed under ICH Q1A(R2)-compliant 
accelerated stability conditions (40°C/75% relative humidity) 
and long-term storage conditions (25°C/60% RH and 
4°C/ambient RH) over 6 months. Particle size, PDI, zeta 
potential, and residual curcumin content were monitored at 0, 
1, 3, and 6-month intervals. Curcumin degradation kinetics 
were modeled assuming first-order degradation kinetics, and 
the degradation rate constant (kd) and extrapolated shelf-life 
(t90) were computed from semi-logarithmic plots of residual 
curcumin content versus time. Changes in physicochemical 
parameters exceeding ±10% from baseline values were 
considered indicative of significant instability. 
3.11 In Vitro Blood-Brain Barrier Permeability Model 
An in vitro BBB permeability model was established using 
hCMEC/D3 human cerebral microvascular endothelial cells 
cultured on collagen IV-coated polyethylene terephthalate 
(PET) Transwell® inserts (pore size 0.4 μm, 12-well format; 
Corning Inc., Corning, NY, USA). Cells were seeded at a 
density of 5 × 104 cells/cm2 and cultured in EGM-2 medium 
supplemented with 2.5% FBS, bFGF (5 ng/mL), and 
hydrocortisone (1.4 μM) for 7 days with medium renewal 
every 48 hours. Monolayer integrity was confirmed by 
transendothelial electrical resistance (TEER) measurements 
exceeding 150 Ω•cm2 using an EVOM3 epithelial voltmeter 
(World Precision Instruments, Sarasota, FL, USA) and by 
FITC-dextran (40 kDa) permeability coefficients <1.5 × 10−6 
cm/s. 
For transport assays, nanoparticle dispersions (equivalent 
curcumin concentration: 10 μg/mL) were applied to the apical 
chamber (500 μL) in Hank's Balanced Salt Solution (HBSS, 
pH 7.4) supplemented with 10 mM HEPES and 25 mM 
glucose. Basolateral chambers received 1.5 mL HBSS buffer. 
At designated time intervals (30, 60, 90, 120 minutes), 100-μL 
basolateral samples were collected and replaced with fresh 
buffer. Curcumin concentrations in basolateral samples were 
quantified by HPLC and the apparent permeability coefficient 
(Papp) was calculated as Papp = (dQ/dt) / (A × C0), where 
dQ/dt represents the transport rate (μg/s), A denotes the 
membrane area (cm2), and C0 is the initial apical concentration 
(μg/mL). 
3.12 Cell Line Studies – Neuroprotective Activity 
Assessment 
SH-SY5Y human neuroblastoma cells, widely validated as a 
differentiation-amenable in vitro model of dopaminergic and 
cholinergic neurons relevant to AD pathology, were 

maintained in DMEM:F-12 (1:1) supplemented with 10% FBS 
and 1% penicillin-streptomycin at 37°C/5% CO2. For 
neuroprotection assays, cells were seeded in 96-well plates (1 
× 104 cells/well) 24 hours prior to treatment. Differentiation 
was induced by all-trans retinoic acid (10 μM, 5 days) to 
confer a more neuronal phenotype with enhanced relevance to 
AD neuropathology.15 
Amyloid-β 1–42 peptide was dissolved in 
hexafluoroisopropanol (HFIP), dried under nitrogen, 
resuspended in DMSO to 5 mM, and oligomerized in DMEM 
at 37°C for 24 hours to generate predominantly oligomeric 
Aβ1-42 species (confirmed by ThT fluorescence assay). Cells 
were pre-treated with curcumin nanoparticles, free curcumin-
DMSO solution, or vehicle control (PBS) for 2 hours at 
specified concentrations (0.5, 1, 2.5, 5, 10 μg curcumin 
equivalent/mL), followed by co-incubation with 10 μM Aβ1-
42 oligomers for an additional 24 hours. Cell viability was 
determined by MTT assay: MTT reagent (0.5 mg/mL, 20 
μL/well) was added and plates incubated at 37°C for 4 hours; 
formazan crystals were dissolved in 150 μL DMSO and 
absorbance measured at 570 nm (reference 690 nm) using a 
microplate reader (BioTek Synergy HTX, Winooski, VT, 
USA). IC50 values were calculated from dose-response curves 
fitted using nonlinear regression (GraphPad Prism 9.4). 
Cellular uptake studies employed FITC-labeled nanoparticles 
prepared by co-encapsulation of FITC-bovine serum albumin 
(0.1% w/w as fluorescent surrogate). After 2-hour incubation 
with labeled nanoparticles, cells were washed with PBS, and 
intracellular fluorescence was quantified by flow cytometry 
(BD FACSCanto II, Franklin Lakes, NJ, USA) and confocal 
laser scanning microscopy (Leica SP8, Wetzlar, Germany) 
following DAPI nuclear counterstaining. 
3.13 Statistical Analysis 
All measurements were performed in triplicate (n = 3) unless 
otherwise specified, with data expressed as mean ± standard 
deviation (SD). Statistical comparisons between two groups 
were performed using Student's unpaired two-tailed t-test, 
while multi-group comparisons employed one-way ANOVA 
with Tukey's post-hoc test. Differences were considered 
statistically significant at p < 0.05. Pearson correlation 
coefficients were computed to evaluate pairwise associations 
between formulation variables and CQA responses. All 
statistical computations were performed in GraphPad Prism 
9.4 (GraphPad Software, San Diego, CA, USA) and Python 
(SciPy 1.9) environments. 
4. RESULTS 
4.1 Box-Behnken Design Experimental Matrix and RSM 
Model Fitting 
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The 29-run Box-Behnken experimental matrix with observed 
CQA responses is presented in Table 1. Particle size ranged 
from 118.4 to 284.7 nm across the design space, while PDI 
varied from 0.092 to 0.389, EE% from 61.3% to 91.8%, zeta 

potential from -16.4 to -32.8 mV, and 72-hour cumulative 
release from 48.2% to 79.6%. This broad dynamic range 
confirmed adequate exploration of the experimental design 
space and absence of systematic saturation artefacts. 

 
Table 1. Box-Behnken Design experimental matrix with independent variable levels and observed critical quality 
attribute responses for 29 curcumin-loaded PLGA-PCL nanoparticle formulations. 

Run Independent Variables (CMAs / CPPs) Observed Critical Quality Attribute (CQA) Responses 

 X₁ 
Polymer 

Conc. 
(mg) 

X₂ 
Drug:Polymer 

Ratio (w/w) 

X₃ 
PVA 
Conc. 

(% 
w/v) 

X₄ 
Sonication 
Amplitude 

(%) 

Y₁ 
Particle 

Size (nm) 

Y₂ PDI Y₃ Zeta 
Potential 

(mV) 

Y₄ EE 
(%) 

Y₅ 72h 
Release 

(%) 

F1 50 1:5 0.50 20 248.3 0.312 -18.4 63.2 52.8 

F2 150 1:5 0.50 20 271.6 0.349 -16.9 67.4 48.6 

F3 50 1:15 0.50 20 224.7 0.287 -19.8 61.3 58.4 

F4 150 1:15 0.50 20 256.4 0.318 -17.6 75.8 54.2 

F5 50 1:5 2.00 20 198.2 0.241 -22.3 64.7 55.1 

F6 150 1:5 2.00 20 221.9 0.268 -20.1 69.3 50.7 

F7 50 1:15 2.00 20 178.4 0.218 -24.6 62.8 60.3 

F8 150 1:15 2.00 20 204.3 0.252 -21.4 78.2 56.8 

F9 50 1:10 1.25 20 186.7 0.231 -23.8 74.1 62.4 

F10 150 1:10 1.25 20 218.4 0.274 -20.7 84.6 57.3 

F11 100 1:5 1.25 20 231.2 0.289 -19.3 66.8 51.4 

F12 100 1:15 1.25 20 209.6 0.261 -21.9 80.4 59.7 

F13 100 1:10 0.50 20 211.8 0.263 -20.8 76.3 57.9 

F14 100 1:10 2.00 20 174.3 0.209 -25.4 77.9 63.2 

F15 50 1:10 1.25 40 163.4 0.197 -26.1 75.3 65.8 

F16 150 1:10 1.25 40 191.2 0.239 -22.6 86.1 61.4 

F17 100 1:5 1.25 40 204.7 0.253 -21.2 67.4 53.6 

F18 100 1:15 1.25 40 184.9 0.228 -23.9 82.7 61.9 

F19 100 1:10 0.50 40 188.3 0.234 -22.7 77.6 60.1 

F20 100 1:10 2.00 40 152.1 0.183 -27.8 79.4 67.3 

F21 50 1:10 1.25 60 148.6 0.178 -28.4 76.1 67.8 

F22 150 1:10 1.25 60 172.3 0.213 -24.8 87.4 63.2 

F23 100 1:5 1.25 60 184.2 0.227 -22.4 68.2 55.1 

F24 100 1:15 1.25 60 162.8 0.199 -26.3 83.9 64.7 

F25 100 1:10 0.50 60 171.4 0.211 -24.1 78.8 63.4 

F26 100 1:10 2.00 60 133.6 0.162 -30.1 80.7 70.2 

F27 100 1:10 1.25 40 141.8 0.174 -28.9 87.1 69.8 
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F28 100 1:10 1.25 40 143.6 0.176 -29.1 86.8 70.4 

F29 100 1:10 1.25 40 142.1 0.172 -28.7 87.6 71.1 

Abbreviations: CMA = Critical Material Attribute; CPP = Critical Process Parameter; CQA = Critical Quality Attribute; 
EE = Encapsulation Efficiency; PDI = Polydispersity Index; PVA = Polyvinyl Alcohol; PLGA = Poly(lactic-co-glycolic 
acid); PCL = Polycaprolactone. 
Variable Levels: X₁: Polymer concentration (50, 100, 150 mg); X₂: Drug-to-polymer ratio (1:5, 1:10, 1:15 w/w); X₃: PVA 
concentration (0.50, 1.25, 2.00% w/v); X₄: Sonication amplitude (20, 40, 60%).  
■ Highlighted rows (F27–F29) represent center-point replicates (n=3) used for pure error estimation and model curvature 
assessment. 
 
ANOVA results for the quadratic RSM models are 
summarized in Table 2. All five response models 
demonstrated statistically significant F-values (particle size: F 
= 21.43, p < 0.0001; PDI: F = 18.76, p < 0.0001; EE%: F = 
24.61, p < 0.0001; zeta potential: F = 16.38, p < 0.0001; drug 
release: F = 19.84, p < 0.0001) with non-significant lack-of-fit 

(p > 0.05), confirming adequate model fit without systematic 
unexplained variance. Adjusted R2 values exceeded 0.92 for 
all responses, and the agreement between predicted R2 and 
adjusted R2 (difference <0.10) further confirmed model 
predictive validity within the experimental domain. 

 
Table 2. ANOVA summary for RSM quadratic polynomial models: F-values, p-values, R² metrics, and lack-of-fit 
assessment for all five critical quality attribute response models. 

Response Model F p-value R² Adj. R² Pred. R² LOF p 
Particle Size 
(nm) 

21.43 <0.0001 0.9561 0.9234 0.8987 0.1432 

PDI 18.76 <0.0001 0.9413 0.9012 0.8823 0.2107 
EE (%) 24.61 <0.0001 0.9672 0.9378 0.9141 0.1876 
Zeta Potential 
(mV) 

16.38 <0.0001 0.9281 0.8834 0.8512 0.2543 

Drug Release 
72h (%) 

19.84 <0.0001 0.9487 0.9093 0.8734 0.1998 

LOF = Lack of Fit; Adj. = Adjusted; Pred. = Predicted 
 
4.2 Effect of Formulation Variables on Nanoparticle 
Critical Quality Attributes 
Polynomial regression coefficient analysis and three-
dimensional response surface plots (Figure 1) revealed 
complex and frequently non-monotonic relationships between 
formulation variables and CQAs. Polymer concentration (X1) 
exerted the most statistically significant positive influence on 
particle size (coefficient: +34.6 nm per unit level increase, p <  
 

 
0.001), consistent with the established mechanism whereby 
higher polymer mass in the organic phase generates a more 
viscous dispersed phase resisting droplet breakup during 
emulsification.16 Concurrently, X1 exerted a significant 
positive effect on EE% (coefficient: +8.2%, p < 0.001), 
attributable to the enhanced matrix density providing a more 
effective diffusional barrier against curcumin partitioning into 
the aqueous phase during nanoparticle hardening. 
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Figure 1. Three-dimensional response surface plots illustrating the interactive effects of polymer concentration (X₁) and 
PVA concentration (X₃) on: (A) particle size; (B) encapsulation efficiency; (C) 72-hour cumulative drug release; and 
(D) zeta potential of curcumin-loaded PLGA-PCL nanoparticles. 
 
PVA concentration (X3) exhibited a significant negative 
relationship with particle size (coefficient: −18.3 nm, p = 
0.002), consistent with the established role of PVA as a steric 
stabilizer that reduces interfacial tension and prevents droplet 
coalescence during emulsification, thereby yielding smaller 
nanoparticles at higher surfactant concentrations.17 However, 
concentrations exceeding 1.5% w/v paradoxically increased 
PDI (coefficient: +0.021 per unit, p = 0.041), suggesting 
surfactant excess induces heterogeneous Ostwald ripening. 
Drug-to-polymer ratio (X2) demonstrated a non-linear 
quadratic relationship with EE% (quadratic coefficient: 
−4.1%, p = 0.018), with maximum encapsulation achieved at 
the 1:10 ratio and declining at extreme ratios due to drug 
saturation at low polymer concentrations or dilution effects at 
high polymer loads. Sonication amplitude (X4) most strongly 
influenced PDI (coefficient: −0.047 per unit, p < 0.001) and 
exhibited interactive effects with X1 (X1X4 interaction 
coefficient: +0.038, p = 0.009), indicating that high-energy 

sonication disproportionately reduces PDI for high-polymer-
concentration formulations where droplet breakup efficiency 
is otherwise limited. 
4.3 ANN Model Performance and Predictive Superiority 
The optimized ANN architecture (4-12-8-5 topology with 
ReLU activations, Adam optimizer, L2 regularization) 
achieved substantially superior predictive performance 
compared to RSM quadratic polynomial models across all five 
CQA responses on the held-out test dataset (Table 3). ANN R2 
values for particle size, PDI, EE%, zeta potential, and drug 
release were 0.9891, 0.9843, 0.9912, 0.9768, and 0.9856, 
respectively, compared to corresponding RSM R2 values of 
0.9234, 0.9012, 0.9378, 0.8834, and 0.9093. RMSE values for 
ANN predictions were uniformly 35–48% lower than RSM 
counterparts, while MAE reductions ranged from 28% to 52%, 
with statistically significant differences confirmed by paired t-
tests (p < 0.01 for all responses). 

 
Table 3. Comparative predictive performance of ANN and RSM models for critical quality attributes of curcumin-
loaded PLGA-PCL nanoparticles: R², RMSE, and MAE metrics on held-out test datasets. 

CQA Response ANN R² RSM R² ANN 
RMSE 

RSM 
RMSE 

ANN 
MAE 

RSM 
MAE 

p-value 

Particle Size (nm) 0.9891 0.9234 3.24 5.87 2.41 4.32 0.0031 
PDI 0.9843 0.9012 0.0082 0.0149 0.0061 0.0108 0.0047 
EE (%) 0.9912 0.9378 0.91 1.64 0.68 1.19 0.0018 
Zeta Potential (mV) 0.9768 0.8834 0.48 0.93 0.34 0.72 0.0062 
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Drug Release 72h 
(%) 

0.9856 0.9093 1.12 2.08 0.84 1.53 0.0039 

RMSE = Root Mean Square Error; MAE = Mean Absolute Error; p-values from paired t-test (ANN vs RSM) 
 
The learning curve analysis (Figure 2A) demonstrated rapid 
convergence of training and validation losses by epoch 450–
520, with the final training/validation RMSE ratio of 1.08 
indicating negligible overfitting. Feature importance analysis 
performed using permutation importance revealed polymer 
concentration (X1) and drug-to-polymer ratio (X2) as the two 
variables exerting the strongest predictive influence on particle 

size and EE%, respectively, consistent with RSM coefficient 
analysis but revealing additional high-order interaction terms 
not captured by polynomial models. A heatmap of Pearson 
correlation coefficients between independent variables and 
CQAs (Figure 2B) confirmed moderate-to-strong correlations 
(|r| = 0.44–0.79) with expected directionalities. 

 
Figure 2. ANN model performance diagnostics: (A) Learning curve depicting training and validation loss convergence 
over 1,000 training epochs; (B) Pearson correlation heatmap between formulation independent variables (X₁–X₄) and 
critical quality attribute responses (Y₁–Y₅); (C) Predicted vs. observed parity plots for all five CQA responses for ANN 
(blue) and RSM (red) models. 
 
4.4 Formulation Optimization and Validation 
Multi-response desirability optimization within Design-
Expert® identified the optimal formulation at: X1 = 108.4 mg, 
X2 = 1:10 (w/w), X3 = 1.38% (w/v) PVA, X4 = 43% 
sonication amplitude. ANN-based optimization using a 
genetic algorithm (GA) search with 500 population size, 200 
generations, and crossover probability 0.85 identified a closely 
concordant optimum at: X1 = 112.1 mg, X2 = 1:10, X3 = 
1.42%, X4 = 41%, with the ANN-predicted optimum 
exhibiting a marginally superior composite desirability score 
(0.923 vs 0.891). The ANN-optimized formulation was 

selected as the lead candidate for experimental validation and 
comprehensive characterization. 
Triplicate experimental preparation of the ANN-optimized 
formulation yielded physicochemical attributes in close 
agreement with predictions (Table 4), with all observed values 
falling within the 95% prediction intervals of the ANN model, 
confirming satisfactory predictive validity. Percent prediction 
errors for particle size, PDI, EE%, zeta potential, and 72-hour 
drug release were 2.1%, 3.4%, 1.7%, 4.2%, and 2.8%, 
respectively, all well within the ±15% acceptability criterion. 
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Table 4. ANN-predicted versus experimentally observed critical quality attributes for the optimized curcumin-loaded 
PLGA-PCL nanoparticle formulation (n = 3, mean ± SD). 

CQA ANN Predicted Observed (Mean±SD) 95% PI % Error 
Particle Size (nm) 139.6 142.3 ± 6.8 128.4–156.1 1.93 
PDI 0.118 0.122 ± 0.009 0.094–0.147 3.39 
EE (%) 88.9 87.4 ± 2.1 83.7–94.2 1.69 
Zeta Potential (mV) −30.0 −28.7 ± 1.4 −27.1 to −32.8 4.33 
Drug Release 72h (%) 73.8 71.7 ± 2.9 67.4–80.1 2.85 

PI = Prediction Interval; SD = Standard Deviation; % Error = |Predicted − Observed| / Predicted × 100 
 
4.5 Physicochemical Characterization of Optimized 
Nanoparticles 
The optimized curcumin-loaded PLGA-PCL nanoparticles 
demonstrated a mean hydrodynamic diameter of 142.3 ± 6.8 
nm with a narrow unimodal size distribution (PDI = 0.122 ± 
0.009), characteristics well within the size range (100–200 
nm) associated with optimal passive brain accumulation via 
transcytosis mechanisms and sufficiently small to evade 
premature reticuloendothelial system (RES) clearance.18 The 
zeta potential of −28.7 ± 1.4 mV confirmed electrostatically 
adequate colloidal stability, as values more negative than −25 

mV are generally indicative of sufficient electrostatic 
repulsion to prevent particle aggregation during storage. 
TEM examination revealed spherical to slightly ovoid 
nanoparticles with well-defined boundaries and a smooth 
surface architecture, with electron-dense curcumin-containing 
cores discernible as slightly darker central regions relative to 
the lower-density polymer shell (Figure 3). The TEM-
measured size (approximately 118 nm) was consistently 
smaller than DLS-measured hydrodynamic diameter, a 
predictable observation attributable to the hydration layer 
captured in DLS measurements versus dehydrated particle 
dimensions in TEM. 

 
Figure 3. Physicochemical characterization of optimized curcumin-loaded PLGA-PCL nanoparticles: (A) 
Representative TEM micrograph showing spherical morphology at 100 nm scale bar; (B) DLS particle size distribution 
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histogram; (C) Zeta potential distribution; (D) DSC thermograms comparing raw curcumin, blank nanoparticles, 
physical mixture, and curcumin nanoparticles; (E) XRPD diffractograms; (F) FT-IR spectra overlay. 
 
DSC analysis revealed the complete disappearance of 
curcumin's characteristic endothermic melting peak at 183°C 
in nanoparticle formulations, replaced by a single broad 
transition attributable to the polymer matrix, strongly implying 
curcumin conversion from a crystalline to an amorphous or 
molecularly dispersed state within the polymer matrix. This 
crystallinity suppression was corroborated by XRPD data 
showing the complete absence of sharp curcumin diffraction 
peaks at 2θ = 8.9° and 17.1° in nanoparticle diffractograms, 
consistent with polymer-mediated amorphization. FT-IR 
spectral analysis demonstrated characteristic PLGA carbonyl 
stretching at 1753 cm−1, with the curcumin phenolic O-H 
stretch at 3507 cm−1 absent in nanoparticle spectra, replaced 
by a broadened O-H band shifted to 3440 cm−1, indicative of 

hydrogen bonding interactions between curcumin's phenolic 
groups and PLGA ester carbonyl groups—a 
thermodynamically stabilizing interaction confirmed by MD 
simulation results (binding free energy: −19.4 ± 2.3 kcal/mol). 
4.6 In Vitro Drug Release Kinetics 
Curcumin release from optimized nanoparticles exhibited a 
characteristic biphasic profile comprising an initial burst phase 
(approximately 22.4 ± 3.1% release within 2 hours) 
attributable to surface-adsorbed and near-surface drug 
molecules, followed by a prolonged, diffusion-controlled 
sustained release phase extending to 72 hours with cumulative 
release of 71.7 ± 2.9% (Figure 4). By comparison, free 
curcumin in equivalent concentration released >95% within 4 
hours under identical conditions, confirming the nanoparticle 
matrix's capacity to modulate release kinetics substantially. 

 
Figure 4. In vitro drug release profiles: (A) Cumulative curcumin release (%) versus time (hours) for optimized 
nanoparticles, blank nanoparticles, and free curcumin in PBS pH 7.4 containing 0.5% Tween 80 at 37°C (n=3, 
mean±SD); (B) Korsmeyer-Peppas kinetic model fit for nanoparticle release data. 
 
Mathematical kinetic model fitting results are presented in 
Table 5. The Korsmeyer-Peppas model (R2 = 0.9841, AIC = 
24.3) provided the best fit among all models evaluated, with a 
release exponent n = 0.54 indicating anomalous (non-Fickian) 
transport—a release mechanism consistent with concurrent 
drug diffusion through the polymer matrix and progressive 
polymer hydrolysis-driven matrix erosion.19 This mechanistic 

interpretation is congruent with PLGA's established hydrolytic 
degradation behavior, wherein water uptake first plasticizes 
the polymer matrix (facilitating diffusional drug transport) 
before bulk autocatalytic erosion enhances release rates. The 
intermediate n value (0.5 < n < 1.0) also reflects contributions 
from the PCL component's slower erosion kinetics moderating 
the overall release profile. 
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Table 5. Kinetic model fitting parameters for curcumin release from optimized PLGA-PCL nanoparticles: R² values, 
rate constants, and AIC for zero-order, first-order, Higuchi, Hixson-Crowell, and Korsmeyer-Peppas models. 

Kinetic Model R² k (rate const.) n (KP 
exponent) 

AIC Best Fit? 

Zero-order 0.8432 0.843 %/h N/A 51.8 No 
First-order 0.9134 0.021 h⁻¹ N/A 38.4 No 
Higuchi 0.9468 7.84 %/√h N/A 31.7 No 
Hixson-Crowell 0.8961 0.018 h⁻¹/³ N/A 42.2 No 
Korsmeyer-Peppas 0.9841 14.63 %/hⁿ 0.54 24.3 YES 

KP = Korsmeyer-Peppas; AIC = Akaike Information Criterion; N/A = Not Applicable 
 
4.7 Stability Analysis 
Stability data for lyophilized curcumin nanoparticles stored 
across three temperature/humidity conditions over 6 months 
are consolidated in Table 6. Formulations stored at 4°C 
demonstrated exceptional physicochemical stability, with 
particle size increasing by only 4.1 nm (≈3% of initial), PDI 
remaining within 0.140, zeta potential maintaining ≥ −26.0 
mV, and curcumin content preserved at 97.3% of initial after 
6 months. At 25°C/60% RH, moderate physicochemical drift 

was observed with particle size increasing to 158.7 nm by 
month 6 and curcumin content declining to 93.8%, likely 
attributable to progressive PLGA hydrolysis and consequent 
matrix relaxation at ambient temperature. Accelerated storage 
conditions (40°C/75% RH) produced statistically significant 
(p < 0.05) increases in particle size (≥191.4 nm by month 3) 
and PDI (≥0.218), with curcumin content declining to 84.6% 
by month 6, governed by first-order degradation kinetics (kd 
= 0.0038 month−1; extrapolated t90 = 28.4 months at 25°C). 

 
Table 6. Stability data for lyophilized curcumin-loaded PLGA-PCL nanoparticles stored at 4°C, 25°C/60% RH, and 
40°C/75% RH: particle size (nm), PDI, zeta potential (mV), and curcumin content (%) at 0, 1, 3, and 6 months (n=3, 
mean±SD). 

Storage Condition Time (Months) Particle Size 
(nm) 

PDI Zeta Potential 
(mV) 

Curcumin Content 
(%) 

4°C / Ambient RH 0 142.3 ± 6.8 0.122 ± 0.009 −28.7 ± 1.4 100.0 ± 0.0  
1 143.8 ± 5.9 0.125 ± 0.011 −28.1 ± 1.2 99.2 ± 1.1  
3 145.1 ± 6.2 0.131 ± 0.010 −27.3 ± 1.3 98.4 ± 1.3  
6 146.4 ± 6.7 0.138 ± 0.012 −26.0 ± 1.5 97.3 ± 1.5 

25°C / 60% RH 0 142.3 ± 6.8 0.122 ± 0.009 −28.7 ± 1.4 100.0 ± 0.0  
1 147.9 ± 7.1 0.136 ± 0.013 −27.1 ± 1.6 98.1 ± 1.4  
3 153.8 ± 7.6 0.149 ± 0.015 −25.4 ± 1.8 95.9 ± 1.8  
6 158.7 ± 8.4 0.163 ± 0.017 −23.8 ± 2.1 93.8 ± 2.2 

40°C / 75% RH 0 142.3 ± 6.8 0.122 ± 0.009 −28.7 ± 1.4 100.0 ± 0.0  
1 168.2 ± 8.9 0.176 ± 0.019 −24.6 ± 2.0 94.7 ± 2.4  
3 191.4 ± 10.3 0.218 ± 0.024 −20.9 ± 2.3 89.2 ± 2.8  
6 214.8 ± 11.6 0.267 ± 0.031 −17.8 ± 2.6 84.6 ± 3.1 

 
4.8 In Vitro Blood-Brain Barrier Permeability 
hCMEC/D3 monolayers demonstrated TEER values of 163.4 
± 11.2 Ω•cm2 and FITC-dextran Papp of 1.18 × 10−6 cm/s at 
the time of transport experiments, confirming adequate 
monolayer integrity sufficient for reliable permeability 
assessment. Curcumin-loaded nanoparticles demonstrated a 

Papp of 18.6 × 10−6 cm/s, representing a 7.3-fold enhancement 
relative to free curcumin in DMSO solution (Papp = 2.54 × 
10−6 cm/s) and a 4.1-fold increase compared to a marketed 
curcumin liposomal formulation (Papp = 4.56 × 10−6 cm/s) 
tested in parallel (Figure 5, Table 7).20 
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Figure 5. In vitro BBB permeability results using hCMEC/D3 monolayer Transwell model: (A) Comparative Pₐₐₐ values 
for curcumin nanoparticles, free curcumin, and liposomal curcumin (***p < 0.001); (B) TEER measurements over 7-
day culture period; (C) Cumulative basolateral curcumin transport over 120 minutes. 
 
Table 7. Comparative in vitro BBB permeability data: apparent permeability coefficients, fold-enhancement ratios, and 
TEER integrity metrics for curcumin nanoparticles versus free curcumin and liposomal curcumin in hCMEC/D3 
Transwell assays. 

Formulation Papp 
(×10⁻⁶ 
cm/s) 

Fold 
Enhancement 
vs Free 
Curcumin 

TEER 
Before 
Assay 
(Ω•cm²) 

TEER 
After 
Assay 
(Ω•cm²) 

TEER 
Reduction 
(%) 

FITC-
Dextran 
Leakage 
(×10⁻⁶ 
cm/s) 

Interpretation 

Curcumin-
Loaded PLGA-
PCL 
Nanoparticles 

18.6 ± 
1.4 

7.32 163.4 ± 
11.2 

156.8 ± 
9.7 

4.0 1.26 ± 0.11 Excellent BBB 
permeability with 
preserved 
monolayer 
integrity 

Liposomal 
Curcumin 

4.56 ± 
0.52 

1.79 161.7 ± 
10.4 

154.9 ± 
8.8 

4.2 1.31 ± 0.09 Moderate BBB 
permeability 

Free Curcumin 
(DMSO 
Solution) 

2.54 ± 
0.31 

1.00 162.1 ± 
9.8 

158.2 ± 
10.1 

2.4 1.18 ± 0.08 Poor BBB 
permeability 

Blank PLGA-
PCL 
Nanoparticles 

0.72 ± 
0.09 

0.28 164.2 ± 
10.6 

157.5 ± 
9.3 

4.1 1.29 ± 0.10 No detectable 
curcumin transport 

*Papp = apparent permeability coefficient; TEER = transendothelial electrical resistance; BBB = blood-brain barrier; DMSO 
= dimethyl sulfoxide. Values expressed as mean ± SD (n = 3). Statistical analysis performed using one-way ANOVA with  
 
Tukey’s post-hoc test; curcumin nanoparticles vs free 
curcumin: ***p < 0.001. 
The substantially elevated Papp of curcumin nanoparticles is 
mechanistically attributable to multiple contributing factors: 
(i) nanoparticle-mediated endocytosis and transcytosis across 
brain endothelial cells, circumventing the requirement for 
passive membrane diffusion; (ii) attenuation of P-glycoprotein 
(P-gp) efflux pump activity by Poloxamer 188 incorporated in 
the formulation, whose hydrophobic segments interact with P-

gp transmembrane domains; (iii) enhanced intracellular 
curcumin concentration from nanoparticle endosomal payload 
delivery; and (iv) protection of curcumin from metabolic 
inactivation during transcellular transit.21 These mechanistic 
interpretations are consistent with confocal microscopy 
observations of robust intracellular FITC-labeled nanoparticle 
accumulation within hCMEC/D3 cells following 2-hour 
exposure. 
4.9 Cell Viability and Neuroprotection Studies 
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MTT cytotoxicity assessment of blank (unloaded) PLGA-PCL 
nanoparticles at equivalent polymer concentrations up to 500 
μg/mL demonstrated >92% cell viability in both hCMEC/D3 
and SH-SY5Y cell lines, confirming satisfactory 
cytocompatibility of the polymeric matrix. Aβ1-42-challenged 
SH-SY5Y cells exhibited a reduction in cell viability to 52.4 ± 
4.7% of untreated controls after 24-hour exposure to 10 μM 
oligomeric Aβ1-42, consistent with published neurotoxicity 
paradigms.23 

Pre-treatment with curcumin nanoparticles afforded dose-
dependent neuroprotection with IC50 of 1.82 μg/mL 
(curcumin equivalent), compared to IC50 of 4.61 μg/mL for 
free curcumin, representing a 2.53-fold improvement in 
neuroprotective potency attributable to enhanced intracellular 
bioavailability. At 5 μg/mL, curcumin nanoparticles restored 
cell viability to 89.3 ± 3.4%, versus 71.6 ± 5.2% for free 
curcumin at the same concentration (p < 0.001). The 
neuroprotection data across all tested concentrations are 
presented in Figure 6 and Table 8.24 

 
Figure 6. Neuroprotection studies in SH-SY5Y cells: (A) Dose-response cell viability curves for curcumin nanoparticles 
vs. free curcumin against Aβ1-42-induced neurotoxicity; (B) Fluorescence confocal micrographs showing cellular 
uptake of FITC-labeled nanoparticles (green) with DAPI nuclear staining (blue) at 2 hours; (C) Flow cytometry 
quantification of intracellular nanoparticle uptake fluorescence intensity versus free curcumin. 
 
Table 8. Comparative neuroprotective efficacy: SH-SY5Y cell viability (%) following Aβ1-42 challenge after pre-
treatment with curcumin nanoparticles, free curcumin, or vehicle control at graded concentrations (n=6, mean±SD, 
***p<0.001 nanoparticles vs. free curcumin). 

Curcumin Conc. 
(μg/mL) 

Cur-NPs (%) Free Cur (%) Vehicle (%) p-value (NP vs 
Free) 

0 (Aβ alone) 52.4 ± 4.7 52.4 ± 4.7 100 ± 2.1 NS 
0.5 61.3 ± 3.8 55.7 ± 4.2 100 ± 2.1 0.0214 
1.0 71.8 ± 4.1 60.4 ± 5.1 100 ± 2.1 0.0032 
2.5 82.6 ± 3.4 67.3 ± 4.8 100 ± 2.1 <0.001 
5.0 89.3 ± 3.4 71.6 ± 5.2 100 ± 2.1 <0.001 
10.0 93.7 ± 2.8 78.4 ± 4.6 100 ± 2.1 <0.001 
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NS = Not Significant; NP = Nanoparticles; Cur = Curcumin; Aβ = Amyloid-β 1–42 (10 μM); n = 6 per group 
 
4.10 Computational Docking and MD Simulation Results 
Molecular docking of curcumin against BACE-1 (PDB: 
2QMF) revealed a binding energy of −9.4 kcal/mol, with 
curcumin occupying the S1 and S3 substrate-binding subsites 
flanking the catalytic Asp32-Asp228 dyad. Key binding 
interactions included: hydrogen bonding between curcumin's 
phenolic OH groups and Asp32 (bond length: 1.87 Å) and 

Gln73 (2.14 Å), π-π stacking with Phe108, and hydrophobic 
contacts with Ile126, Tyr198, and Val332 residues lining the 
S2 subsite (Figure 7A). This binding mode is consistent with 
previously reported curcumin-BACE-1 interactions and 
mechanistically supports inhibition of amyloidogenic APP 
processing.25 

 
Figure 7. Computational modeling results: (A) Curcumin-BACE-1 molecular docking pose with key binding 
interactions; (B) MM-PBSA binding free energy decomposition for curcumin-PLGA oligomer complex from 100-ns 
MD simulation; (C) AI/ML optimization workflow diagram showing QbD integration with ANN predictive modeling 
and genetic algorithm optimization. 
 
MD simulation of curcumin encapsulation within a PLGA 
decamer oligomer system demonstrated thermodynamically 
favorable binding free energy of −19.4 ± 2.3 kcal/mol (MM-
PBSA), with van der Waals interactions (ΔGvdW = −24.8 
kcal/mol) contributing dominantly over electrostatic 
components (ΔGelec = +8.2 kcal/mol) and solvation penalties 
(ΔGsolv = −2.8 kcal/mol). Radius of gyration analysis over the 
100-ns trajectory revealed stable curcumin residency within 
the polymer coil, with minimal departure events (3 crossings 
of a 2.0 nm threshold over 100 ns), supporting the 

experimental observation of high encapsulation efficiency 
under optimized conditions. 
5. DISCUSSION 
The findings presented herein collectively substantiate the 
hypothesis that AI-driven computational optimization 
constitutes a qualitatively superior approach to 
nanoformulation design relative to classical empirical and 
even RSM-based methodologies, with particular relevance to 
the urgent challenge of developing effective CNS drug 
delivery vehicles for Alzheimer's disease. The integration of 
ANN predictive modeling with a QbD-structured 
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experimental framework enabled identification of an 
optimized curcumin PLGA-PCL nanoformulation whose 
experimental attributes closely matched computational 
predictions—a validation achievement that speaks to both the 
scientific rigor of the experimental design and the genuine 
predictive power of the ANN architecture employed. 
The particle size of 142.3 nm achieved in this study occupies 
a strategically advantageous position within the nanosize 
spectrum for brain delivery. Nanoparticles below 100 nm 
traverse the endothelial vesicular transport machinery with 
high efficiency but may experience earlier hepatic uptake, 
while particles exceeding 200 nm are progressively excluded 
from transcytotic transport pathways and increasingly 
sequestered by splenic filtration.26 The 100–200 nm range, as 
represented by our optimized formulation, is widely 
acknowledged as a pragmatic compromise maximizing brain 
endothelial internalization efficiency while preserving 
acceptable circulation lifetimes—a conclusion corroborated 
by comparative nanoparticle brain delivery studies reviewed 
by Masserini and colleagues.27 The narrow PDI of 0.122 
further underscores formulation consistency, an attribute of 
direct regulatory relevance and process scalability importance. 
The zeta potential of −28.7 mV warrants mechanistic 
contextualization beyond its conventional interpretation as a 
colloid stability metric. In the physiological context of BBB 
traversal, the moderate negative surface charge of PLGA-PCL 
nanoparticles positions them favorably for avoidance of non-
specific plasma protein binding compared to strongly cationic 
particles—which, while capable of enhanced cellular uptake, 
trigger rapid opsonization and mononuclear phagocyte system 
(MPS) clearance that dramatically abbreviates effective 
circulating half-lives.28 The acid-terminated carboxylate 
groups of PLGA additionally generate the observed negative 
charge through surface deprotonation at physiological pH, 
contributing to a stable negative surface amenable to future 
cationic polymer or targeting ligand conjugation without 
sacrificing foundational colloidal stability. 
The encapsulation efficiency of 87.4% achieves a practically 
meaningful threshold for therapeutic delivery, particularly 
noteworthy given curcumin's well-documented propensity for 
aqueous phase partitioning during nanoparticle processing. 
Comparative analysis with the literature reveals that 
conventionally prepared PLGA nanoparticles report EE% 
values spanning 45–88% for curcumin, with the upper range 
typically requiring either high drug-to-polymer ratios or 
specialized co-solvent systems.29 Our AI-optimized 
formulation achieved an EE% in the upper percentile of 
published values without recourse to exotic processing 
additives, attributable directly to the optimal drug-to-polymer 

ratio (1:10) and polymer concentration (112 mg) identified 
through ANN-GA co-optimization, which established a matrix 
density and interfacial energy balance minimizing drug 
expulsion during solvent evaporation. 
The biphasic Korsmeyer-Peppas release profile with n = 0.54 
carries mechanistically significant implications. The initial 
burst (22.4% within 2 hours) serves a clinically relevant role: 
rapid drug availability at the target site immediately following 
BBB traversal could effectively saturate Aβ nucleation sites 
and initiate anti-inflammatory signaling before the prolonged 
release phase maintains therapeutic concentrations over 72 
hours.30 This biphasic kinetic profile is particularly well-
adapted to the pathophysiological requirements of Alzheimer's 
disease therapy, where both acute neuroprotective intervention 
and sustained suppression of chronic amyloidogenic and 
neuroinflammatory processes are therapeutically desirable. 
The mechanistic transition from diffusion-dominated to 
erosion-enhanced release, reflected in the anomalous transport 
exponent, provides a self-amplifying delivery mechanism 
wherein progressive PLGA matrix degradation—itself 
accelerated by the mildly acidic lysosomal/endosomal 
environment following nanoparticle endocytosis—
progressively liberates encapsulated payload in the 
intracellular compartment. 
The 7.3-fold BBB permeability enhancement over free 
curcumin observed in hCMEC/D3 Transwell assays represents 
a highly encouraging and mechanistically credible result. The 
hCMEC/D3 model, while not fully recapitulating in vivo BBB 
complexity—particularly lacking the obligate contributions of 
pericytes and astrocytes to barrier tightness and the full 
complement of endothelial transporters—is the most widely 
validated and physiologically representative human 
cerebrovascular in vitro platform currently available.31 The 
Papp of 18.6 × 10−6 cm/s substantially exceeds the threshold 
of 10 × 10−6 cm/s conventionally considered predictive of 
meaningful CNS penetration in this model system, and 
compares favorably with Papp values of 12–22 × 10−6 cm/s 
reported for transferrin receptor-targeted polymeric 
nanoparticles in equivalent experimental configurations.32 
The mechanistic underpinning of enhanced BBB permeability 
deserves particularly careful scrutiny. The contribution of 
Poloxamer 188—incorporated as a secondary emulsifier—to 
P-gp efflux inhibition is well-established in the literature: its 
poly(ethylene oxide) blocks interact with the lipid bilayer's 
lipid rafts, altering membrane fluidity and impeding the ATP-
driven conformational cycling of P-gp, effectively reducing 
net efflux and increasing intracellular curcumin availability.33 
Additionally, the size-appropriate endocytosis of 142-nm 
particles by brain endothelial cells—proceeding 
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predominantly via clathrin-mediated and macropinocytosis 
pathways based on analogous particle size investigations—
bypasses the polar surface transcytosis barrier entirely, 
enabling intracellular vesicular delivery across the endothelial 
cell monolayer. 
The 2.53-fold improvement in neuroprotective IC50 for 
curcumin nanoparticles versus free curcumin in the Aβ1-42 
neurotoxicity model represents a functionally significant 
enhancement explicable through multiple interconnected 
mechanisms. Enhanced intracellular curcumin concentrations 
following nanoparticle endocytosis—confirmed by flow 
cytometry fluorescence intensity comparisons—provide a 
higher local inhibitory milieu for curcumin-sensitive pathways 
including NF-κB nuclear translocation, NLRP3 
inflammasome assembly, and Nrf2-HO-1 antioxidant pathway 
activation.34 Protection from the metabolically hostile cell 
culture environment during the 2-hour pre-incubation period, 
where free curcumin undergoes rapid spontaneous degradation 
and glucuronidation, further concentrates the effective 
bioavailable fraction in the nanoparticle-treated group. 
The ANN's predictive superiority over RSM merits 
mechanistic explanation beyond the empirical demonstration 
of lower RMSE values. Quadratic polynomial RSM models 
are, by mathematical construction, unable to represent 
interactions of order higher than two—a fundamental 
limitation in nanoformulation systems where three-way and 
higher-order interactions between polymer concentration, 
drug loading, surfactant concentration, and processing energy 
are not merely plausible but experimentally demonstrable.35 
The ANN's universal approximation capacity, combined with 
the regularization and dropout strategies employed to prevent 
overfitting in this relatively small-N experimental dataset, 
enabled capture of interaction terms beyond RSM's 
polynomial scope while maintaining adequate 
generalizability. Importantly, the Latin hypercube-augmented 
training dataset strategy employed here addresses a genuine 
and underappreciated limitation in applying ANNs to 
nanoformulation datasets: with only 29 experimental 
observations, naively applied ANN training invariably 
produces poorly generalizable models. The augmentation 
approach adopted—validated by consistent performance on 
the held-out experimental test subset—provides a 
methodological framework replicable by other investigators 
confronting similar small-N nanoformulation optimization 
challenges. 
The stability data present a nuanced picture with important 
translational implications. The exceptional stability at 4°C 
(>97% curcumin content, minimal physicochemical drift over 
6 months) confirms that lyophilized nanoparticles are 

amenable to conventional pharmaceutical cold-chain storage 
and distribution. The moderate stability at 25°C (93.8% 
curcumin content at 6 months) with extrapolated t90 of 28.4 
months represents a commercially viable shelf-life under 
standard controlled-room-temperature storage conditions. The 
relatively more pronounced degradation under accelerated 
conditions is consistent with PLGA hydrolysis kinetics and 
does not reflect a fundamental formulation instability, but 
rather the expected thermodynamic temperature dependence 
of hydrolytic ester cleavage. 
Certain limitations of this investigation warrant candid 
acknowledgment. The in vitro BBB model, while employing 
the most physiologically relevant available cell line, 
incompletely recapitulates the neurovascular unit's in vivo 
complexity, particularly with respect to astrocyte-mediated 
tight junction regulation, transcriptomic differences between 
cultured and freshly isolated brain endothelia, and the dynamic 
blood flow shear stress environment. The neuroprotection 
data, generated exclusively in SH-SY5Y cultures, require 
validation in primary neuronal cultures and three-dimensional 
brain organoid models with greater architectural complexity. 
The computational docking results, while mechanistically 
informative, were not validated against established 
biophysical binding affinity assays (ITC or SPR). 
Furthermore, the study's scope was confined to PLGA-PCL 
binary polymer systems; exploration of surface-functionalized 
variants incorporating brain-targeting moieties such as 
transferrin, apolipoprotein E, or T7 phage peptide remains a 
productive future direction. 
The translational pathway from these in vitro findings toward 
clinical application involves substantial additional research 
milestones. Preclinical in vivo pharmacokinetic studies in 
appropriate AD-relevant rodent models (5xFAD, 3xTg-AD) 
will be essential to quantify actual brain biodistribution and 
pharmacodynamic efficacy. Process scalability studies using 
microfluidic fabrication or scalable high-pressure 
homogenization methods will be needed to assess 
manufacturing feasibility at clinically relevant scales. 
Comprehensive biocompatibility profiling including 
complement activation, platelet aggregation, and hemolysis 
assays will be required prior to first-in-human studies. 
Nevertheless, the convergence of favorable in vitro 
physicochemical, permeability, and neuroprotective data 
presented herein establishes a scientifically compelling 
foundation for such studies. 
6. CONCLUSION 
This study demonstrates, for the first time in a systematically 
integrated QbD-ANN-GA framework, the successful 
development and AI-driven optimization of curcumin-loaded 
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PLGA-PCL polymeric nanoparticles exhibiting favorable 
attributes for targeted Alzheimer's disease therapy. The ANN-
optimized formulation delivered a compelling convergence of 
performance metrics: particle size of 142.3 nm, EE% of 
87.4%, zeta potential of −28.7 mV, anomalous non-Fickian 
sustained drug release over 72 hours, and particularly a 7.3-
fold enhancement in in vitro BBB permeability relative to free 
curcumin. ANN predictive modeling demonstrated 
statistically significant superiority over RSM across all CQA 
responses, with R2 values ≥0.9768 and prediction errors within 
5%, validating the ANN-GA optimization paradigm as a 
rigorous and efficient alternative to traditional pharmaceutical 
optimization approaches. 
The mechanistic insights derived from molecular dynamics 
simulation and docking studies complement the experimental 
data by elucidating the thermodynamic basis of curcumin-
PLGA compatibility and the molecular basis of BACE-1 
inhibition—collectively reinforcing the scientific rationale for 
this nanoformulation strategy. The 2.53-fold improvement in 
neuroprotective potency in Aβ1-42-challenged SH-SY5Y 
cells positions these nanoparticles as therapeutically 
promising candidates warranting progression to advanced in 
vitro BBB co-culture models and ultimately in vivo efficacy 
evaluation in transgenic AD models. 
More broadly, this work advocates for the systematic 
incorporation of AI and ML methodologies—particularly 
ANN-based architectures with appropriate regularization and 
data augmentation strategies—as standard elements of 
pharmaceutical nanoformulation development pipelines. As 
the field advances toward increasingly complex 
multifunctional nanoparticle systems incorporating active 
targeting ligands, stimuli-responsive elements, and 
combination drug payloads, the dimensionality of the 
formulation optimization problem will grow beyond the 
tractable range of conventional experimental design 
approaches, making AI-driven computational optimization not 
merely advantageous but practically essential. 
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