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ABSTRACT 

It is a fact that type II Diabetes remains a major global health problem affecting an estimated 422 million people across the 

globe. The International Diabetes Federation foresees that this number will continue to rise. There are, however, numerous 

weaknesses of the classic antidiabetic oral agents. Such limitations are due to lack of water solubility, availability in the 

body in an unpredictable manner, necessity of high dose intake. Which in turn affects patient compliance and the 

effectiveness of the therapy. This research utilized both Quality-by-Design (QbD) methodology and Response Surface 

Methodology (RSM) for the design and optimization of polymeric nanoparticles loaded with glipalamide, a BCS Class II 

antidiabetic drug. The work addresses a need and provides for the definition of Quality Target Product Profile (QTPP) and 

Critical Quality Attributes (CQAs) such as particle size, polydispersity index, zeta potential and entrapment efficiency as 

the primary optimization tasks. For the purpose of studying the effects of three critical material properties mentioned earlier, 
namely, polymer concentration (50-150 mg), surfactant concentration (0.5-1.5% w/v) and type and intensity of 

homogenisation (8000-15000 rpm), a Box-Behnken design containing 17 scans was introduced. Upon optimization, the 

polymeric carrier in its formulated nano range exhibited a tibia lotion for patients of mean volume should have size average 

of 186.4 ± 5.2 nm and a value of 0.198 ± 0.02 for polydispersity index, -28.6 ± 1.8 mV and entrapment efficiency of 82.4 

± 2.1%. Another vital statistical point was further confirmed by ANOVA which confirmed the model fit to be valid with a 

very minimal p-value (p < 0.0001) and all precision ratios were greater than 15.0 as recommended for responses. The use 

of QbD technique in optimizing the designed Nano formulation resulted in a significant feature in the developed 

formulation as it extended the release of the drug for over 24 hours following Higuchi kinetics which is a critical feature 

in new antidiabetic drug delivery systems. 
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INTRODUCTION 

In the past, diabetes mellitus infection has remained a 

measurable threat to public health and is expected to 

intensify biologically to become an even greater issue in 

the two centuries. This is a lifelong state characterized by 

poorly managed sugar levels in the blood where the body 
cannot convert any type of food into glucose and or 

impression of the body`s insulin which is a hormone 

regulate glucose levels in the blood. Diabetes, officially 

kills approximately 1.5 million per year and at least 2.2 

million due to cardiovascular diseases associated with 

elevated levels of glucose which is also believed to be 

high [1]. It is also projected that the global financial cost 

due to diabetes will rise up to $2.1 trillion by 2030, a 

figure that includes health care expenses, work place 

returns and management of long term complications. 

Unlike type 1, the frequency of type 2 diabetes mellitus 
in the population, which is approximately 90–95%, 

permits the use of oral hypoglycaemic agents that either 

enhance insulin secretion and/or act at the periphery to 

enhance glucose utilization or decrease glucose output by 

the liver. 

https://www.mdpi.com/2624-8549/2/4/56
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On the medication level, sulfonylureas still holds their 

value since the 1950s as it comes to with up to date 

treatment methods even though it has been a very long 

time. Its principal action is the enhancement of the 

insulin production by the beta cells in the pancreas, 
which is observed as a result of activation and ATP- 

dependent closure of K+ channels located in the cell. 

Glibenclamide (glyburide) which belongs to the second-

generation sulfonylurea is known to have greater 

antidiabetic activities and due to the recognized efficacy 

and cheap price, it continues to be used worldwide. 

Glibenclamide, however, falls into BCS Class II 

category, meaning that its solubility in high permeable 

membranes is significantly better than its aqueous 

solubility (the solubility is approximately 4 μg/mL at the 

physiological pH) [3]. Such harsh solubility conditions 

combined with an appropriate speed of release correlates 
with minimum drug release upon exposure of the drug. 

This limits the release rate in-vivo and oral 

bioavailability is reportedly in the range of 45-70% and 

calls for often dosing that may harbour the risk of non-

compliance and erratic plasma glucose levels in patients. 

Technology driven inventions have led to the innovation 

of a new form of carrying and delivering drugs to 

different regions of the body. This is in a way a new drug 

delivery system since certain limitations regarding these 

new of drugs especially the water insoluble antidiabetic 

drugs need to be addressed. Polymeric nanoparticles, 
solid lipid nanoparticles, SLN, nanostructured lipid 

carriers, and SNEDDS have reported significant 

potentially in the increase of solubility of a drug, hence 

enabling better oral bioavailability as well as controlled 

release with lower dosing frequency [5]. Poly (lactic-co-

glycolic acid) (PLGA) nanoparticles have an edge 

because of their biodegradation and biocompatibility 

properties, as well as being parenterally accepted even 

though they are characterized by is versatility of 

incapsulating both hydrophilic and hydrophobic drugs. 

Given that PLGA has the important hydrolysable ester 

moieties, the degradation products are lactic and glycolic 
acid which are metabolized through the citric acid cycle, 

thereby obviating concerns about the long-term retention 

of these residues in the body. 

In view of the high potential offered by Nano 

formulations, it is noteworthy that their research and 

development has hitherto been conducted through hit-

and-miss trial and error experimentation, as well as one 

variable at a time strategy, which, unfortunately, do not 

consider cross-variable interactions and sometimes lead 

to below par formulations. One effective method in 

achieving and ensuring the previous would be using an 
approach called QbD in pharmaceutical world. The idea 

was dysfunctional but has been revived and inscribed in 

various guidance specifically ICH Q8 (R2), Q9, Q10, and 

Q11 which promote the idea of proactive pharmaceutical 

developmental activities by enhancing storyline quality. 

But most importantly, QbD poses a structure that 

warrants the ability to hold design spaces for 

control/extent of formulation and process variables by 

which products can be manufactured reliably and with 

the least level of errors to meet the quality requirements 

thus making many lean manufacturing and regulation 

practices possible. 

The primary focus of this research is cantered on the 

production and refinement of PLGA based nanoparticles 
that are glibenclamide-loaded using the principles of 

Quality by Design with the inclusion of the optimization 

component handled using Response Surface 

Methodology. The specific tasks targeted are: (i) 

development of QTPP with definition of the CQAs for 

nanoparticulate antidiabetic formulation in oral 

pathology; (ii) systematic assessment of risks to 

prioritize CMAs and CPPs involved in the control of the 

pharmaceutical product; (iii) use BB design to escalate 

the manner by which experimental design space is 

investigated; (iv) build and confirm the predictive 

algebraic models for the relationships between the design 
variables and the quality of nanoparticles; and (v) 

improve the range of the operating variables so as to meet 

the target quality requirements. The significance of this 

study rests in the efforts made to translate the concept of 

QbD into nanotechnology as well as the silent disrespect 

towards fine antidiabetic medications." 

 

LITERATURE REVIEW 

In the last few years, a significant rise in the global 

burden of diabetes has been noted – with this affecting 

well above a billion people across the globe. At present, 
the World Health Organization has reported that 

worldwide at least 422 million people have diabetes – 

with more than 1.5 million of them dying each year due 

to diabetes-related complications [1]. Among the 

diagnosed cases, approximately 90-95% are classified as 

type 2 diabetes. In the cause of this error, the demand for 

insulin is known to rise very fast and becomes difficult 

for the β-cell of the pancreas to secrete insulin eventually. 

Global estimates expected to come out in 2024 from the 

International Diabetes Federation (IDF) Diabetes Atlas, 

show the prevalence of diabetes in the adult population 

to be around 10.5%, with nearly half of these cases 
expected to remain hidden [2]. It is noted, there is a rapid 

rate of growth of adults with diabetes in most recent 

years. These concerning statistics demonstrate that there 

is a need for finding ways to prevent the spread of the 

disease because the usual treatment regiments of 

antidiabetic drugs are not always enough to halt the 

progression of the disease. 

α-Glucosidase inhibitors have been considered a 

beneficial treatment of diabetes for ages as they restrict 

the absorption of dietary carbohydrates via the intestine 

and do not let the level of glucose in blood to increase 
postprandially. They do not significantly increase or 

decrease the cardio stimulation that is anticipated to 

occur as a result of treatment by sulfonylureas and 

several other antidiabetic agents. How safe are these 

agents seen patients at risk due to cardiovascular disease 

or patients taking cardiotonic agents is also questionable? 

There is a high expectation on increasing bioavailability 

of these drugs to improve insulin sensitivity. Further, the 

incretin hormones such as glucagon-like peptide - 1 
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(GLP-I) which suppress the secretion of glucagon during 

hypoglycaemia while glucose-dependent insulinotropic 

polypeptide (GIP) does not have the same effect. The 

current clinical recommendations prefer the use of dual 

oral hypoglycaemic agents following EBM or evidence-
based medicine where necessary progressing to use of 

three or more drugs or insulin therapy. There has also 

been a suggestion of OTC insulin in the management of 

diabetes mellitus though its long-term performance and 

safety has not been very well documented. On the other 

hand, secondary or preventive measures such as those are 

described by Yanovsky are aimed at correcting the 

insufficiency of insulin in non - obese people. 

The field of nanotechnology is at the ascendant and 

consequently the management and medicative 

purveyance of diabetic patients is positively evolving. 

Today, there is an idea of transforming traditional drugs 
into nan ostates, which due to improved solubility and 

controlled release can imply much more activity 

compared to classic pharmaceutical forms. The long 

awaited technical advancement is the polymerization of 

the model into particles which is comparable to the size 

of the polymer molecule. General surface chemistry and 

self assembly phenomena of nanoparticles do not explain 

the attachment; or how it enters the pores or does not 

leave; 

Given the significant developments that are taking place 

in the drug delivery strategies field, the hunger for more 
effective and less risky treatment for these patients is 

ever so growing. Among the most attractive ways to deal 

with the physical chemo naturation is to prevent or 

reduce ion adsorption on the solvent–solid interface. 

Every system development star distinguishes direct 

integration from most approaches in the sense that it is a 

high-level consumer red tape star application system that 

establishes how comb snails’ cultures will integrate 

under extreme conditions so far not practiced. 

 

Not only technological improvement but also the current 

state of the art can now implement self-organizing 
monolayers, nanoparticles and nanowires in Polymer 

Directed Assembly. A novel concept is the adjustment of 

the loop closure distance in the center to maximize the 

sites at which an enzyme collaborates. The concurrent 

synthesis and application of a single-drop solution 

atomic gas phase (SAG) sample preparation contributes 

to a more robust SAM formation, securing the random 

incentive to attach nanoparticles commercially and the 

alignment of the materials used in chemisorp-tion 

vertically. This kind of invention has increased the 

wetting rate of titanium dioxide due to the moist 
environment. 

Nanoparticles have emerged as very promising tools in 

biomedical field, especially as carriers for drug 

molecules in the form of solid lipid nanoparticles, which 

are considered suitable for manufacturers of anti-

inflammatory products. They enable achieving 

prolonged drug release without concern about quick 

transdermal clearance rates. However, most of these 

approaches are used in the design of dermatological 

dosage forms, such as creams, gels, powders, which, in 

turn, necessitate the physical dispersion of drug within 

drug carriers, mainly oil-based. Such oils can increase 

the permeability of the membrane, but at the same time 

they might indeed be toxic. Such is not true for 
biologically inert oil bases like paraffin which does not 

break the chemical bonds of the drug molecules and 

mainly works as a lubricant by preventing the extreme 

solubilization of drugs across the mucosal membrane. In 

regards to chapter ICH guidelines Q8(R2) to Q11, the 

Quality-by-Design (QbD) model was first developed. 

This model is applied the principles on systematic 

approach to development of pharmaceuticals by mutual 

understanding of the product and processes analysis. 

Restraining quality in medial devices medical throughout 

the maintenance of standards, is attained by the 

accomplishment of system boundaries according to the 
ICH guide lines. 

Core elements of this framework include the Quality 

Target Product Profile (QTPP), Critical Quality 

Attributes (CQAs), risk management strategies, and 

statistical tools such as Design of Experiments (DoE). 

Unlike traditional quality improvement methods which 

employ the quality by testing technique by examining the 

quality of the final product only, the essence of the QbD 

principles necessitates that higher quality is built in the 

process of formulation and manuiching commercial 

products of the company. Box-Behenken design (BBD) 
or other response surface designs have been used 

successfully in many areas of nanoformulation owing to 

its appealing property of efficiency and robustness. 

Regression analysis of variance in a nonparametric 

version and the square root of or simply response surface 

methods is a powerful tool for many ancillary problems 

[4]. In this context, BBD enjoys popularity among the 

nanostructured environments due to the D-optimal 

design characteristic, easier execution of experiments 

compared to full factorial design approach and also being 

such that one does not have to run extreme experimental 

conditions which could lead to loss of particles’ stability 
. 

RELATED WORK 

In their study, Maurya et al. [8] attempted to utilize the 

principles of the Quality by Design (QbD) approach to 

the development of mannose-conjugated nanoparticles 

for targeted delivery of insulin to the lymphatics. Within 

the mindset of their work, the essential formulation and 

processing parameters that determine the uptake by 

lymphatics have been defined as the Quality Target 

Product Profile (QTPP). To this end, they have made use 

of Ishikawa cause-and-effect diagrams and Failure Mode 
and Effects Analysis (FMEA) in order to identify and 

interrogate the most significant features, particularly in 

their unoptimized state. These features in this particular 

case, the critical ones, were in turn optimized using 

response surface methodology. Results showed that 

relative to undecorated nanoparticles the final mannose 

bearing chitosan nanoparticle formulation had 

appreciably better targeting to the lymphatics thereby 
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validating the usefulness of the QbD approach in the 

configuration of such intricate nanocarrier systems. 

To provide some additional information, yptextstart, 

Geladze et al. [11] carried out extensive systematic study 

of quality by design application with reference to 
designing lipid nano-systems and lipid based nano-

formulation by studying 165 academic, industrial or 

regulatory documents published on this subject. The 

results revealed that among various effective designs in 

optimizing production, Box Behnken and Central 

Composite Design were the most commonly used. 

Among the studies, the design variables particle size, 

polydispermedia index, zeta potential, and drug 

entrapment efficiency were often reported as the most 

popular critical quality attributes of the products being 

studied. 

Yet, as the present benchmarking results represent only 
one approximation of the efficiency of the method in a 

direct comparison, they may not be considered ultimate. 

For example, Guo et al. have discussed the disadvantage 

of using neinnovative or nanotechnology drugs whose 

characteristics are not developed appropriately. 

Participation. An in-depth study of the use of biostatistics 

in analytical quality control (AQC) is a particular case in 

point. It is undeniable that the documentary sources and 

literature currently available have the following 

limitations which put a constraint on their usefulness in 

accordance with the current context of the study. 
 

METHODOLOGY 

Materials and Reagents 

Glibenclamide (C₂₃H₂₈ClN₃O₅S, molec. w: 494.00 g/mol, 

purity ≧ 99.6%, m.p. 169–174 °C) was sourced as United 

States Pharmacopeia (USP) reference standard from 

Sigma-Aldrich Corporation (St. Louis, MO, USA). This 

API showed low hydrophilicity (4.0 ± 0.3 μg/mL in 

phosphate buffer at pH 7.4 and 37 °C) and well 

pronounced lipoaffinity (log P = 4.79) Iceberg which are 

typical of a Compound under Biopharmaceutical 
Classification System Class II Classification. Supplied 

by the company Evonik Industries AG, Darmstadt, 

Germany, was Co-asp. 270D; (Application NDLA9K-

PLGA: molar ratio of L-glycolide:DL-lactide 50:50 

(inherent viscosity 0.45–0.60 gdl in 

hexafluoroisopropanol, weight average molecular 

weight 48,000 – 54,000 Da, acid-terminated). This 

particular one was chosen over the others in that category 

because its phosphorylcholine moiety was modified to be 

superior for ionized anticoagulation medication....in that 

such intermediates being degraded within four to six 
weeks completel skin absorbs the said carboxylic acid 

group. 

Polyvinyl acetate (PVA; 87–90% hydrolyzed; molecular 

weight 30,000–70,000 Da) was used as the primary 

stabilizing agent and was purchased from Sigma-

Aldrich. Also surfactants were containing Pluronic, F-68 

(poloxamer 188; BASF corporation) in particular. Also 

pills contain D-(+)-trehalose; dihydrat (cryoprotectant, 

purity ≥99%), smooth and dichloromethane (HPLC 

smothly, purity >99.8%, boiling point 39.6 °C) was 

utilized in the tablets in the present study. Dissolution 

testers were used in this study of friability to determine 

the hardness of the tablets than dissolution.While the 

general policy of the company centers on optimized 

product delivery and sales, the present situation has 
specifically brought challenges that cannot be resolved 

through constant product and sales optimization. 

In conclusion, Drug maintenace programs are indeed 

helpful, they may not be effective if they are not 

culturally suitable. Drug maintenance programs are 

based on evidence using clinical studies and have proved 

to show results in many cases especially with opioid 

users. Healthcare disparities should be addressed using 

culturally competent care and with diverse treatment 

options. Hemodialysis patient care can be done using 

home dialysis, centre-based dialysis or hospital based 

dialysis. Hemodialysis patient care can be done using 
home dialysis, centre-based dialysis or hospital based 

dialysis. 

 

Quality-by-Design Framework Implementation 

Quality shouldn’t be an afterthought when it comes to 

innovative formulations…. The paper examines the 

result of applying Quality by Design (QbD) framework 

in a coordinated fashion; and based on the requirements 

spelled out in this ICH document, specifically ICH 

Q8(R2) on Pharmaceutical Development, ICH Q9 on 

Quality Risk Management, and ICH Q10 on 
Pharmaceutical Quality Systems, as consort with 

inclusivity and integrity. 

…and yet, a methodology for implementing QbD in the 

process is defined by the work. The methodology for 

implementation in the work consisted of the following 

six integrated processes; formulation of quality criteria 

(Level 1 – QTPP), identification of elements whose 

presence is phenotypic of the quality criteria (Level 2 – 

CQAs), risk assessment and screening of factors, 

optimization of formulation using DoE, construction of 

the design space, and development of a control plan. 

Objective of the QTPP – They planned making of GLB 
laden PLGA NPs to be supplied through oral route for 

type 2 DM. The dosage forms recommended was 

lyophiled powder for reconstitution prior to 

administration via oral route. The formulation was made 

to give slow release of active ingredient over 24 hrs with 

minimal burst effect representing 25% of full effect over 

the first 2 hrs of drug delivery. This population was 

encompassed adult sufferers of diabetes disease type 2. It 

was also presumed that the model would remain stable 

for a minimum of 24 months under normal conditions of 

exposure and at the same time improve the oral 
bioavailability the dosage form and therefore reducing 

the dosage frequency as compared to the immediate 

release dosage forms. 

Critical Quality Attributes (CQAs): Although there are 

no clear relationships between biological activities and 

zeta potential, a given range of zeta potential values can 

be observed for certain types of nanometer-sized 

particles, specifically for applications in the biological 

field. The ability of the colloidal particle to interact with 
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other substances depends on the electrical charge on the 

surfaces of the colloid particles and their zeta potential. 

Smaller particles are, however, both lower in energy and 

possess very higher freeness of motion compared to 

larger particles. Including the fact that smaller particles 
can encapsulate more in terms of area provide for more 

effective and constant drops in the rate of drug solubility. 

A maximum absolute value of ≥ 20 mV (ideally ≥ 25 mV) 

was chosen in order to have enough electrostatic 

repulsion between the particles, which hinders the 

process of particles’ aggregation during their storage. A 

negative charge on a surface is also desirable as it lowers 

the plasma non-specific protein binding (opsonization) 

and increases the circulation time of the 

microparticles/particles in the body. 

EE entrapped in particles-EE(Y₄): The objective of 

capturing not less than 70% of the mass of manufacturing 
active substance had been set, so that the intention was is 

to integrate enough drug into a given delivery system. 

This makes possible efficient use doses and minimizes 

drug system hang losses thus it is also beneficial and 

economical to develop and process the formulation. 

Risk Assessment and Factor Screening 

The procedural method selected in undertaking a risk 

analysis was to combine two tools: one technique was the 

Ishikawa, also famously known as the fishbone diagrarm, 

and the second was one referred to as the FMEA, which 

stands for Failure Mode and Effects Analysis. These 
tools were used to assist the team to systematically 

determine the primary and secondary root cause to 

product and process characteristics that are significant 

critical wuality attributes. Ishikawa division brought out 

the risk containment strategies into five principal 

divisions which were; substances (drug, polymer, 

surfactant, and solvent), the method of work (the way 

ingredients are condensed, the way devices are mixed, 

the duration at which solvents are removed, the way 

samples are centrifuged), the tools used (e.g. mechanical 

homogenizer, the shape of containers, heating 

capabilities) , measurement methods (repeatability of the 
method used, collection of samples) and the effect of 

temperature, humidity and light. 

The recorded results utilize the RPN for completeness 

and results enumeration: in particular the development 

consultant prepared the RPN for each potential cause of 

risk: 

𝑅𝑃𝑁 =  𝑆 × 𝑂 × 𝐷                (1) 

S – the severity score; is the evaluation which when given 

on a scale from 1 to 10 signifies the significance of its 

impact in the deviation of the CQA, O – the occurrence 
probability score; is the evaluation given on a scale from 

1 to 10 only states how likely it is that the influence of 

the factor will lead to a failure. And finally, D is the 

detectability score with values ranging from 1 to 10 

which reflects how well deficiencies in the product may 

be identified. Factors with RPN ≥ 80 were classified as 

high-risk and were considered for further experimental 

investigations. 

After using Ishikawa-FMEA combinations, it was 

possible to recognize the three most important 

contributing factors which constitute Critical Material 

Attributes (CMA) and Critical Process Parameters 

(CPP), and consequently affect the critical to the quality 

of services characteristics all at once: 

X1 - PLGA Concentration[based on a range beginning at 
50 up to 150 milligrams] represents sense of danger, 

because swimsuit figure is influenced from many sides: 

primarily, when the viscosity is low, the breakup 

efficiency of droplets is to be enhanced through efficient 

mixing to avoid too large particles droplets being formed; 

the drug would not be effectively encapsulated with 

satisfaction of the polymer requirement without it since 

this increases polymer expenses and provides simpler 

methods; and the zeta potential also affects the degree of 

swelling the polymer experiences due to the 

complimentary charges on the surface of it. 

J₂ - Magnetron Plasma Sputtering Powers (20-80 W): 
Investigation of drop size has critically been affected by 

high-risk factors such PVA concentration and glass bead 

ratio, PDI and drop size itselt and analysis of zeta-

potential and its dependence on the surfactant structure. 

J₃ - Drying Admission (temperature 30-70 C°): 

Background about factors that may have a high-impact 

on kinetic and mechanical performance of the studied 

samples is in this section. Fill percentage and interaction 

between polymer and LED are evaluated. 

Box-Behnken Experimental Design 

As a result of its rotational design character, the box-
behnken is structured in 3 factors and 3 levels, was 

selected for optimization on systematic grounds. On top 

of that, there were reduced number of experiments 

needed as compared to the 3³ factorial designs so fewer 

runs were needed(17 versus 27). Also, another advantage 

of the BBD approach is the lack of the corner points 

where the response distributions of the doses may show 

wild fluctuations. The values of factors used in the 

adjustment are selected by using the optimization tool in 

the relevant design software. The BBD experimental 

matrix was constructed by using Design-Expert software 

Version 13.0. 5.0 (Stat-Ease Inc., Minneapolis, MN, 
USA) with the following configuration: 

 

TABLE 1. Box-Behnken Design: Independent 

Variables and Coded Levels 

Fact

or 

Variable 

Description 

Unit

s 

Low 

Lev

el (-

1) 

Cent

er 

Point 

(0) 

High 

Level 

(+1) 

X₁ PLGA 

Concentratio

n 

mg 50 100 150 

X₂ PVA 

Concentratio

n 

% 

w/v 

0.5 1.0 1.5 

X₃ Homogenizat
ion Speed 

rpm 8,00
0 

11,50
0 

15,00
0 

Considering pilot trials and the data available in the 

literature, the so-called experimental limits of variability 

were formed. It was decided to vary the content of the 

PLGA from 50 to 150 mg, from the lowest mass of the 
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polymer enough for drug containing space preparation up 

to the point of the highest polymer content that can be 

incorporated into the system and emulsified without 

achieving a high viscosity and hence the requirement for 

thinning agents like water. PVA concentration varied 
obligotarily from 0.5 to 1.5% and the composition of the 

critical micelle allowing to reach the last surfactant 

content level that does not cause excessive enlargement 

of particles, in the end composition of the p64 series. The 

working radius for the homogenizer was set at a range of 

8,000-15,000 rpm as this was the energy required for 

formation of dispersions at nanometer particle level 

achievable with the device Ultra-Turrax. 

The BBD enabled us to conduct 17 experiments. We 

implemented 12 factorial points-the edge midpoints of 

the cubic design space- and 5 replicated center points in 

evaluating pure experimental error and model curvature. 
All these experiments were conducted in a random 

manner so as to minimize the effect of extraneous 

variables. 

Mathematical Modeling and Statistical Analysis 

To predict dependent variables in some equation, we turn 

to the independent variables used in that approach. One 

of the methods to be implemented for the prediction of 

these dependent variables is the use of a second order 

equation which is a perfect square to solve for y in terms 

of all of the independent variable variables such as 𝑥 +
𝑥2 + 𝑥(𝑒1𝑒2). 

𝑌 = β0 + ∑ β𝑖𝑋𝑖

𝑘

𝑖=1

+ ∑ β𝑖𝑖𝑋𝑖
2

𝑘

𝑖=1

+ ∑ ∑ β𝑖𝑗𝑋𝑖𝑋𝑗

𝑘

𝑗=𝑖+1

𝑘−1

𝑖=1

                (2) 

Where: 

𝑌 = Predicted response variable (particle size, PDI, zeta 

potential, or entrapment efficiency) 

β0 = Intercept coefficient (grand mean response at center 

point conditions) 

β𝑖 = Linear regression coefficient for factor 𝑋𝑖 (first-

order main effect) 

β𝑖𝑖 = Quadratic regression coefficient for factor 𝑋𝑖 

(second-order pure quadratic effect) 

β𝑖𝑗  = Interaction regression coefficient between factors 

𝑋𝑖 and 𝑋𝑗  (two-factor interaction effect) 

𝑋𝑖 , 𝑋𝑗  = Coded independent variables (dimensionless, 

ranging from -1 to +1) 

𝑘 = Number of factors (k = 3 in present design) 

ε = Random error term (assumed normally distributed 

with zero mean) 

For the three-factor BBD employed in this study, the 

expanded polynomial equation takes the form: 

𝑌 = β0 + β1𝑋1 + β2𝑋2 + β3𝑋3 + β12𝑋1𝑋2 + β13𝑋1𝑋3

+ β23𝑋2𝑋3 + β11𝑋1
2 + β22𝑋2

2

+ β33𝑋3
2                (3) 

 

The coding transformation converting actual factor 

values to dimensionless coded values was performed 

using: 

𝑋𝑖 =
(𝐴𝑖 − 𝐴𝑖,𝑐𝑒𝑛𝑡𝑒𝑟)

Δ𝐴𝑖/2
                (4) 

Where 𝐴𝑖 represents the actual factor value, 𝐴𝑖,𝑐𝑒𝑛𝑡𝑒𝑟 

represents the center point value, and Δ𝐴𝑖 represents the 

factor range (high level minus low level). 

Model significance and adequacy were evaluated 

through Analysis of Variance (ANOVA) with the 

following statistical criteria: 

Model F-test: The overall model significance was 

assessed using the F-statistic: 

𝐹𝑚𝑜𝑑𝑒𝑙 =
𝑀𝑆𝑚𝑜𝑑𝑒𝑙

𝑀𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙

=
𝑆𝑆𝑚𝑜𝑑𝑒𝑙/d𝑓𝑚𝑜𝑑𝑒𝑙

𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 /d𝑓𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙

                (5) 

 

Where SS represents sum of squares, MS represents 

mean square, and 𝑑𝑓 represents degrees of freedom. 

Models with p-value < 0.05 were considered statistically 

significant. 

Coefficient of Determination (R²): The proportion of 
total variance explained by the model: 

𝑅2 = 1 −
𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙

𝑆𝑆𝑡𝑜𝑡𝑎𝑙

=
𝑆𝑆𝑚𝑜𝑑𝑒𝑙

𝑆𝑆𝑡𝑜𝑡𝑎𝑙

                (6) 

 

Adjusted R² (R²adj): Accounts for number of model 

terms relative to observations: 

𝑅𝑎𝑑𝑗
2 = 1 −

𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙/d𝑓𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙

𝑆𝑆𝑡𝑜𝑡𝑎𝑙/d𝑓𝑡𝑜𝑡𝑎𝑙

= 1 −
(1 − 𝑅2)(𝑛 − 1)

𝑛 − 𝑝 − 1
                 (7) 

 

Where 𝑛 represents number of observations and 𝑝 

represents number of model parameters. 

Predicted R² (R²pred): Evaluates model predictive 

capability using leave-one-out cross-validation: 

𝑅𝑝𝑟𝑒𝑑
2 = 1 −

𝑃𝑅𝐸𝑆𝑆

𝑆𝑆𝑡𝑜𝑡𝑎𝑙

                (8) 

 

Where PRESS (Predicted Residual Error Sum of 

Squares) is calculated as: 

𝑃𝑅𝐸𝑆𝑆 = ∑(𝑦𝑖 − 𝑦𝑖,−𝑖̂ )
2

𝑛

𝑖=1

                (9) 

 

With 𝑦𝑖,−𝑖̂  representing the predicted value for 

observation $i$ from a model fitted without observation 

i. 

Adequate Precision: Signal-to-noise ratio indicating 

model discrimination capability: 

𝐴𝑑𝑒𝑞𝑢𝑎𝑡𝑒  𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛

=
𝑚𝑎𝑥(𝑌̂) − 𝑚𝑖𝑛(𝑌̂)

√
1

𝑛
∑ 𝑉(𝑌𝑖̂)

𝑛
𝑖=1

                (10) 

 

Values exceeding 4.0 indicate adequate model 

discrimination for design space navigation. 

Lack of Fit Test: Evaluates whether the model adequately 
represents the experimental data: 
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𝐹𝐿𝑂𝐹 =
𝑀𝑆𝐿𝑂𝐹

𝑀𝑆𝑃𝐸

=
𝑆𝑆𝐿𝑂𝐹/d𝑓𝐿𝑂𝐹

𝑆𝑆𝑃𝐸/d𝑓𝑃𝐸

                (11) 

 

Non-significant lack of fit (p > 0.05) indicates adequate 

model representation. 
Nanoparticle Preparation Method 

Suffering is the most general cause of death among 

patients with diabetes and is characterized by a 

considerable absence of oxygen supply. Its cause is due 

to damage to blood vessels caused by high blood glucose 

levels. Various treatments for ischemic disease are now 

commonly used, such as physical exercises, antiplatelet 

agent medications and statins. Men are also more usually 

at risk of developing complications of diabetes as 

compared to women. 

Fortune effects patients ability to get well and even enjoy 

existence. Fortune effects people the same way it make 
them lose, those like life and vice versa. Government 

sometimes proves to be the poorest undoing and enemy 

of simple enjoyment to human beings. 

Nutritionist’s intervention which helps in enabling safe 

and good nutrition in relation to the body needs. 

Nutrition intervention contemplates the whole nutrition 

value the patient requires in each therapy Kcal and 

protein, etc.) Nutrition counselors also emphasize on the 

in take of healthy diets and informs them on the different 

types of meals that are not suitable for the body and 

should be avoided. To begin with, the components of the 
mixture were dispersed in the solvent. The solvent was 

prepared by dissolving PVA in distilled water at 100 ° C, 

followed by cooling the obtained solution to room 

temperature. The emulsion was in a state of coarse oil in 

water (o/w). The emulsion was micellized because of the 

insulating effects and-generated an easier to describe the 

burstiness of the emulsification where a period of high 

level of emulsification is followed by very low level. 

After preparing the coarse emulsion, it was directly 

processed with a high-speed homogenizer. An Ultra-

Turrax T25 digital disperser from IKA Works GmbH in 
Staufen, Germany, equipped with an S25N-18G 

dispersing element was used. For homogenization, the 

device was operated at the predetermined speed (8,000-

15,000 rpm as indicated in the design) for 10 minutes 

while the operation of the instrument was cooling down 

in ice to entrap the heat and prevent the solvent from 

evaporating prematurely. The obtained nanoemulsion 

was then poured into a 100 mL spherical flask, followed 

by rotary evaporation under a vacuum (200 mbar) at 

40°C for 4 hours, in order to thoroughly eliminate the 

remaining dichloromethane, which was later confirmed 

by weight. The method used for enriching the nanofluid 
in this study was centrifugation in a Beckman-Coulter 

Avanti J-26XP centrifuge at 15000 rpm (roughly 21,000 

x g) for 30 minutes. The supernatant comprising of 

uncovered drug as well as superfluous surfactant was 

poured off and stored for drug evaluation. The 

nanospheres deposit was reconstituted by adding 10 mL 

de-ionized to water, perfect mixing and sonication and 

then performing an other cycle of centrifugation under 

the same conditions as the first one. Two more washes 

were performed to balance the protein direct- drug 

loaded on the nanospheres, the PEG and the center- 

loated AA. 

Wanting a more reliable method of storing the 

concentrated nanoparticle suspension for a prolonged 
period of time, the suspension was then subjected to 

lyophilization using Laboratory Corporation of America 

(Labconco) freeze-dry system, model FreeZone 2.5 Plus. 

Trehalose dihydrate (5% w/v with respect to the vial) was 

added as a cryoprotectant immediately before shrinkage 

at -80°C for 12 hours, followed by primary drying at -

40°C and 0.1 mbar for 24 hours and secondary drying at 

25°C and 0.5 mbar for 12 hours. The lyophilized 

nanoparticles that resulted were placed in vacuum 

relocked amber vials and stored at 4°C for the next step 

of the process. 

Characterization Equations and Methods 
Particles impressively large size and grade of 

distribution: Largest cross section and extent of variance 

in particles were established with the use of Dynamic 

Light Scattering (DLS) on a Malvern Zetasizer Nano 

ZS90 (Malvern Panalytical Ltd., Worcestershire, UK) 

employing a fixed 633 nm He-Ne laser beam for 

scattering at 90°. It is worth mentioning that in 

acquisition measurements the size of particles is also 

estimated by the Stokes-Einstein equation which is a 

function of diffusion coefficients: 

𝐷ℎ =
𝑘𝐵𝑇

3πη𝐷𝑡

                (12) 

Where: 

𝐷ℎ = Hydrodynamic diameter (nm) 

𝑘𝐵 = Boltzmann constant (1.380649 × 10⁻²³ J/K) 

𝑇 = Absolute temperature (K) 

η = Dynamic viscosity of dispersant (Pa·s) 

𝐷𝑡 = Translational diffusion coefficient (m²/s) 

The polydispersity index (PDI), representing the width 

of the particle size distribution, was calculated from 

cumulants analysis of the autocorrelation function: 

𝑃𝐷𝐼 =
μ2

Γ2
                (13) 

Where μ2 is the second cumulant (variance) and Γ 𝑖𝑠 the 

first cumulant (mean decay rate). PDI values range from 

0 (perfectly monodisperse) to 1 (highly polydisperse), 
with values <0.3 generally considered acceptable for 

nanoparticle drug delivery systems. 

Zeta Potential: Surface charge was determined by 

Electrophoretic Light Scattering (ELS) using the same 

instrument with disposable folded capillary cells 

(DTS1070). The Henry equation was applied to calculate 

zeta potential from measured electrophoretic mobility: 

ζ =
3η𝑈𝐸

2ε𝑟ε0𝑓(κ𝑎)
                (14) 

Where: 

ζ = Zeta potential (mV) 

η = Dynamic viscosity of dispersant (Pa·s) 

𝑈𝐸  = Electrophoretic mobility (μm·cm/V·s) 

ε𝑟 = Relative permittivity of dispersant (dimensionless) 

ε0 = Permittivity of vacuum (8.854 × 10⁻¹² F/m) 

𝑓(κ𝑎) = Henry's function (1.5 for Smoluchowski 

approximation in aqueous media) 
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Entrapment Efficiency and Drug Loading: Drug content 

was quantified by UV-Vis spectrophotometry at 300 nm 

(λmax for glibenclamide) following nanoparticle 

dissolution. For entrapment efficiency determination, a 

precisely weighed quantity of lyophilized nanoparticles 
(10 mg) was dissolved in 5 mL dichloromethane to 

dissolve the PLGA matrix, followed by addition of 5 mL 

methanol to precipitate the polymer and extract the drug. 

After centrifugation and appropriate dilution, absorbance 

was measured against a standard calibration curve 

(concentration range 5-50 μg/mL, r² = 0.9996). 

𝐸𝐸(%) =
𝑊𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑

𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙

× 100

=
𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑊𝑓𝑟𝑒𝑒

𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙

× 100                                     
𝐷𝐿(%)

=
𝑊𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑

𝑊𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

× 100                                                                    (15) 

Where: 

𝑊𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑  = Mass of drug entrapped in nanoparticles 

(mg) 

𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙  = Total mass of drug added during formulation 
(mg) 

𝑊𝑓𝑟𝑒𝑒  = Mass of unencapsulated drug in supernatant 

(mg) 

𝑊𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠  = Total mass of recovered nanoparticles 

(mg) 

5.8 Optimization and Desirability Function 
Multi-response optimization was performed using 

Derringer's desirability function approach, which 

transforms multiple responses into a single composite 

desirability index (D) facilitating simultaneous 

optimization. Individual desirability functions (𝑑𝑖)were 

defined based on optimization goals: 

For minimization (particle size, PDI): 

𝑑𝑖 = {1 𝑖𝑓 𝑌𝑖 ≤ 𝐿𝑖}                                          
                               𝑑𝑖

=   {(
𝑈𝑖 − 𝑌𝑖

𝑈𝑖 − 𝐿𝑖

)
𝑤𝑖

𝑖𝑓 𝐿𝑖 < 𝑌𝑖

< 𝑈𝑖}                                              

𝑑𝑖 = {0 𝑖𝑓 𝑌𝑖 ≥ 𝑈𝑖}                                    (16) 

Where 𝐿𝑖 and 𝑈𝑖 represent lower and upper specification 

limits, respectively, and 𝑤𝑖 represents the weight 

exponent (set to 1 for linear desirability). The overall 

composite desirability (D) was calculated as the 

geometric mean of individual desirabilities: 

𝐷 = (∏ 𝑑𝑖

𝑟𝑖

𝑛

𝑖=1

)

1/ ∑ 𝑟𝑖

            (17) 

Where 𝑟𝑖  represents the importance, weight assigned to 

each response (equal importance of 3 assigned to all 

CQAs in present study) and n represents the number of 

responses. 

V. EXPERIMENTAL SETUP 

Instrumentation and Equipment Configuration 

The experimental platform comprised the following 

instrumentation configured for reproducible nanoparticle 

synthesis and characterization: 

Analysis of Particle Size and Zeta Potential: Performing 

Particle Size Analyses on Zetasizer Nano ZS90 (Malvern 
Panalytical Ltd., Worcestershire, UK) having a 4mW He-

Ne laser operating at 633nm, an avalanche photo diode 

at 90° scattering angle and temperature controlled sample 

cell, accuracy ±0.1°C. Measurement parameters: 

Equilibration time equal to 120 sec, Measurement 

duration as an option of “Automatic” (10-100 runs), 

Number of measurements per sample is 3 and Data 

analysis is done mostly by using Zetasizer Software 

v7.13 with both cumulants size mode and Smoluchowski 

model potential. 

High-Speed Homogenization: Ultra-Turrax T25 digital 

disperser from IKA Works GmbH (Staufen Stegen, 
Germany), operated at a speed range of 3,000 to 25,000 

rpm with ±50 rpm accuracy, 25N-18G dispersing 

element digital display including stator diameter of 18 

mm and rotor-stator gap of 0.35 mm. Processing vessel: 

100 mL glass jacketed beaker with ice-water ring cooler. 

A piece of equipment known as Appliance, which is used 

for Centrifugation, is Avanti J-26XP High-Performance 

centrifuge device depicted in the advertisement. This 

machine makes use of a JA-25.50 fixed centrifuge rotor 

which allows speeds of up to twenty-five (25000) 

thousand per minute which is equal to nature’s 
gravitational force or seventy five thousand six hundred 

times the gravitational pull of the earth. This machine 

covers a temperature of -10°c to 40°c with an error not 

exceeding one-degree celsius and nickel tetrafluoride 

tubes each of a globule volume of 50 milliliters. 

Lyophilization: The subject inculcates the use of freeze-

drying technique which do not require cooling 

acceleration or refrigeration, instead makes batteries 

active without any power of charge. In laboratory 

operations, Labconco FreeZone 2.5 Plus devices are used 

which are about 1 meter long and with an internal 

capacity of 2.5 liters of ice. The condenser in them is 
capable of dropping to a temperature of -84°C, and may 

then be further subjected to an ultimate vacuum of 0.01 

mbar and also give instructions for drying. 

Spectrophotometry: The two printed pages of a book is 

another apparatus for chemical analysis, a super powered 

uv spectrophotometer and it is the full Hewlett Packard 

5475 with a range of 60-1100 cms-1. The respective 

errors are recorded at wavelength differences below 

0.3nm, and the electric field is as insignificant as the 

likelihood of it reaching (+)(-) 0.002 and zero point five 

hau based upon the one micron absorption maximum 
which unfortunately is inapplicable. 

Details of the Morphological Analysis: Electron 

Microscopy of JEOL brand, model JSM-7600F, 

equipped with a field-emission electron gun (FE) 

operating at an accelerating voltage of 15 kV, and that 

has an ultimate resolution of 1 nanometer, accelerating 

voltage having a range between 0.1 to 30 kilovolts with 

EDS (EDS). 
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Preparation of Samples: To remove nanoparticles from 

the colloidal surfactant medium diluted at just 1:100, a 

silicon wafer was used. Subsequent to drying the 

particles containing Known ADS materials for one day, a 

5mo thin gold coating was provided on the surface with 
sputtering. 

Thermal Analysis: TA Instruments DSC Q200 

differential thermal scanner (-90 to 550 inC), temperature 

accuracy 0.1 inC, nitrogen gas (50 mL/min). 30-3000C 

is the temperature range within which the heating rate is 

10C/min 

Organic Analytical Weighing Scale: Mettler Toledo 

XS205 DualRange analytical balance with 220 g and 

0.01 mg (reading 0.01mg in the fine range), and 0.1 mg 

in the coarse range, along with a repeatability level of 

0.015 ing mg was also taken into consideration. 

Software and Computational Environment 
Design and Analysis of Experiment: The Box-Behnken 

design, the polynomial fitting model, the computation of 

ANOVA, visualization of response surface, calculations 

for experimental optimization were carried out in the 

programming of the Design Expert 13.0. 5.0 version 

software developed by Stat Ease Inc in Minneapolis, 

MN, USA. Here is the mathematical strategies: the level 

of importance α = 0.05 and the lack of fiat importance α 

= 0.10; where the model is both fitted overtime and then 

pruned after fitting. 

The Kinetic Study of the Drug Release: The software 
package used in the study is DDSolver, which is one of 

the add-ins for Microsoft Excel. The algorithm 

development of zero-order, first-order, Higuchi, 

Korsmeyer-Peppas, and Weibull equation models for 

fitting drug release data was available through the 

DDSolver software developed by Zhang et al for the 

China Pharmaceutical University. 

In order to ensure the reliability of the statistical data, 

supplemental research involved checking the distribution 

of data (normality test Shapiro-Wilk), testing the 

homogeneity of variances (Levene’s test) and 

constructive approaches test using the paired t-tests to 
verify experiments. 

Environmental Conditions and Quality Assurance 

In a controlled environment, with temperature 

maintained at 25 ± 2°C, 45 ± 5% RH and air pressure 

elevated by 15 Pa compared to neighbouring rooms, all 

the nanoparticle synthesis experiments were performed 

in the Class 100,000 (ISO 8) cleanroom. The Met One 

3400 portable particle counters were used for steady-

state particulate monitoring. All glass apparatus was 

washed with laboratory detergent, rinsed with UP water, 

and then dried in a flow lainar prior to its use. 
Analytical Method Validation 

The calibration curve of glibenclamide determination ba

sed on the UV-

Vis spectrophotometry was validated according to postu

lates ICH Q2 (R1) for the validation of eing surens. 

Specificity: No matrix effects were noticed (at the 300 

nm region) from PLGA, PVA, trehalose, or 

dichloromethane, confirmed with blank and no blank 

nanoparticle extract scanning over the 200–400 nm 

range. 

Linearity: The linearity of the calibration curve was  

achieved over the concentration range of 5-50 µg/ml 

using seven calibration standards. The linear regression 
equation is y = 0.0342x + 0.0089 with the coefficient of 

determination r² = 0.9996 and 95% confidence interval 

of the y- intercept includes zero. 

Accuracy: Accuracy was established by analyzing 

samples at each level (n = 9) estimating the percentage 

recovery for levels at 10 μg/mL, 25 μg/mL and 40 μg/ml. 

The average recovery was observed to be 99.4 ±1.2% 

(range 98.5 – 101.2%). 

Precision: Intra-day Precision (Repeatability): 

RSD=0.86% (n=6 at 25 μg/mL). Inter-day Precision 

(Intermediate precision): RSD =1.42%(n=18 over 3 

days). 
Limit of Detection (LOD): Calculated using signal-to-

noise ratio approach: LOD = 3.3σ/S = 0.18 μg/mL, where 

σ = standard deviation of response and S = slope of 

calibration curve. 

Limit of Quantification (LOQ): LOQ = 10σ/S = 0.54 

μg/mL. 

Robustness: Uncertainty: was also examined via 

different wavelengths before and after the 0720 nm was 

centered positioned on the detector head – although, 

other differences were attempted as well (e.g. ±3, ±5, ±7, 

etc.). Both measurements identified uncertainty and 
composites change response in the given system were 

always annexed with a 95% confidence level within the 

stipulated ±5% correction margin. 

In Vitro Drug Release Studies 

Drug release studies were performed in accordance with 

USP Disintegration Amendement to the Apparatuas 2 

(Paddle with Basket)” Thankioni to the natural 

expirements. At first, the suitable dialysis membrane 

(Spectra/Por Spectra/por the molecular weight of the 

material being 12,000-14,000 DA pokn) presoaked in the 

dissolution sink with 2 mL of the nanoparticle suspension 

(equivalent to 2 mg of glibenclamid) was put in a 50 mL 
dissolution vessel containing the release medium 

(phosphate buffer pH 7.4 with 0.5 % w/v Tween 80 for 

sink conditions) and allowed to stand at 37 ± 0.5°C with 

stirring at 100 rpm using a magnetic stirrer. 

Finally, the samples were withdrawn in 2 ml aliquots at 

periods 0.5, 1, 2, 4, 6, 8, 12, 18 and 24 hours, and fresh 

pre-warmed medium consisted with the same total 

amount replaced the removed medium between these 

hours. When preparing readings, the whole samples were 

filtered through 0.22 μm syringe filters before making it 

run on UV-Visible spectrophotometer at 300 nm. Each of 
the above experiments were repeated 3 times. 

Drug release data were fitted to multiple kinetic models 

to elucidate release mechanism: 

Zero-Order Model:  

𝑄𝑡 = 𝑄0 + 𝐾0𝑡            (18) 

First-Order Model:  

ln(𝑄∞ − 𝑄𝑡) = ln 𝑄∞ − 𝐾1𝑡            (19) 

Higuchi Square Root Model:  

𝑄𝑡 = 𝐾𝐻√𝑡             (20) 
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Korsmeyer-Peppas Power Law Model:  
𝑄𝑡

𝑄∞

= 𝐾𝐾𝑃𝑡𝑛            (21) 

Where 𝑄𝑡 is cumulative drug released at time , 𝑄0 is 

initial drug amount, 𝑄∞ is total drug amount, 𝐾0, 𝐾1, 𝐾𝐻 , 
and 𝐾𝐾𝑃 are respective release rate constants, and $n$ is 

the release exponent indicating mechanism (n < 0.43: 

Fickian diffusion; 0.43 < n < 0.85: anomalous transport; 

n > 0.85: Case II transport for spherical particles). 

VI. RESULTS 

Box-Behnken Design Experimental Outcomes 

Each Box-Behnken Design constitutes 17 possible 

experimental executions. These experiments were 

conducted in a random order, and the nanoparticles were 

produced with reference to all the four important CQAs. 

The display of the experimental design and its 
corresponding data for the responses is given in Table 2. 

The sizes of the particles ranged from 125.6 nm (Run 7: 

low PLGA, medium PVA, high homogenization speed), 

to 312.5 nm (Run 6: high PLGA, medium PVA, low 

homogenization speed) indicating the strong effect of 

formula and process parameters on this quality criterion. 

The polydispersity indices within each constrained 

region were between 0.156 and 0.348, with all BP3 KCF 

formulations managing to achieve PDIs of less than 0.21 

in all regions, meaning good homogeneity of size is 

assured through the design space. The zeta potential 
ranged from -18.6 mV to -31.2 mV. The values became 

more negative (i.e. the stability of the system increased) 

at higher surfactant dose levels. The encapsulation range 

was from 66.4% to 85.4%, with the maximum achievable 

encapsulation at the middle levels of the factors. 

 

TABLE 2. Box-Behnken Design: Experimental 

Matrix and Measured Responses 

Ru

n 

X₁ 

(PLG

A, 

mg) 

X₂ 

(PV

A, 

% 

w/v) 

X₃ 

(Spe

ed, 

rpm) 

Y₁ 

(Siz

e, 

nm

) 

Y₂ 

(PD

I) 

Y₃ 

(Z

P, 

m

V) 

Y₄ 

(E

E, 

%) 

1 50 (-
1) 

0.5 
(-1) 

11,5
00 

(0) 

168
.3 ± 

4.2 

0.2
45 

± 

0.0

18 

-
22.

4 ± 

1.2 

68.
5 ± 

1.8 

2 150 

(+1) 

0.5 

(-1) 

11,5

00 

(0) 

285

.6 ± 

8.5 

0.3

12 

± 

0.0

24 

-

18.

6 ± 

0.9 

78.

2 ± 

2.4 

3 50 (-

1) 

1.5 

(+1) 

11,5

00 

(0) 

142

.5 ± 

3.8 

0.1

78 

± 

0.0
15 

-

31.

2 ± 

1.5 

72.

8 ± 

2.1 

4 150 

(+1) 

1.5 

(+1) 

11,5

00 

(0) 

234

.8 ± 

6.2 

0.2

68 

± 

-

25.

85.

4 ± 

2.8 

0.0

21 

8 ± 

1.3 

5 50 (-

1) 

1.0 

(0) 

8,00

0 (-1) 

198

.4 ± 

5.5 

0.2

85 

± 

0.0

22 

-

24.

5 ± 

1.1 

71.

2 ± 

1.9 

6 150 
(+1) 

1.0 
(0) 

8,00
0 (-1) 

312
.5 ± 

9.8 

0.3
48 

± 

0.0

28 

-
19.

2 ± 

1.0 

80.
6 ± 

2.5 

7 50 (-

1) 

1.0 

(0) 

15,0

00 

(+1) 

125

.6 ± 

3.2 

0.1

56 

± 

0.0

12 

-

26.

8 ± 

1.4 

66.

4 ± 

1.6 

8 150 

(+1) 

1.0 

(0) 

15,0

00 

(+1) 

215

.4 ± 

5.8 

0.2

42 

± 

0.0
19 

-

23.

4 ± 

1.2 

76.

8 ± 

2.2 

9 100 

(0) 

0.5 

(-1) 

8,00

0 (-1) 

248

.6 ± 

7.2 

0.3

02 

± 

0.0

25 

-

20.

5 ± 

1.1 

74.

5 ± 

2.0 

10 100 

(0) 

1.5 

(+1) 

8,00

0 (-1) 

205

.2 ± 

5.4 

0.2

48 

± 

0.0

20 

-

28.

4 ± 

1.4 

79.

6 ± 

2.3 

11 100 

(0) 

0.5 

(-1) 

15,0

00 

(+1) 

175

.8 ± 

4.6 

0.2

25 

± 

0.0
18 

-

22.

8 ± 

1.2 

70.

2 ± 

1.8 

12 100 

(0) 

1.5 

(+1) 

15,0

00 

(+1) 

156

.4 ± 

4.1 

0.1

85 

± 

0.0

15 

-

30.

6 ± 

1.6 

78.

4 ± 

2.2 

13 100 

(0) 

1.0 

(0) 

11,5

00 

(0) 

188

.5 ± 

4.8 

0.1

98 

± 

0.0

16 

-

27.

5 ± 

1.3 

82.

2 ± 

2.4 

14 100 

(0) 

1.0 

(0) 

11,5

00 

(0) 

185

.2 ± 

4.5 

0.1

95 

± 
0.0

15 

-

28.

2 ± 
1.4 

81.

8 ± 

2.3 

15 100 

(0) 

1.0 

(0) 

11,5

00 

(0) 

192

.4 ± 

5.0 

0.2

02 

± 

0.0

17 

-

27.

8 ± 

1.3 

83.

4 ± 

2.5 

16 100 

(0) 

1.0 

(0) 

11,5

00 

(0) 

184

.8 ± 

4.4 

0.1

96 

± 

-

28.

82.

6 ± 

2.4 
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0.0

16 

5 ± 

1.4 

17 100 

(0) 

1.0 

(0) 

11,5

00 

(0) 

187

.6 ± 

4.7 

0.2

01 

± 

0.0

16 

-

27.

2 ± 

1.3 

81.

5 ± 

2.3 

Values expressed as mean ± standard deviation (n = 3) 
The five replicates at the central points (Runs 13-17), 

showed low variability with coefficient of variation (CV) 

values of 1.58% for particle size, 1.45% for PDI, 1.72% 

for zeta potential, and 0.89% for drug loading. Such 

appreciably low CV values affirmed good experiment 

accuracy and supported the applicability of this particular 

central condition within the predefined range. 

Statistical Model Fitting and ANOVA 

Utilizing the Design-Expert software, various 

polynomial regression models were used to each 

response variable. The process of selecting a model was 

done on the basis of the least amount of types of sum of 
squares analysis (one per trying an individual term first) 

and the fitted values for the linear, two-factor interaction 

(2FI) and quadratic models were contrasted for every 

possible case. In the case of all the response variables, 

the quadratic model had a very significant improvement 

and rejection of the reduced model as null ( p < 0.05 for 

goodness of fit test), except an assignment of an 

appropriate degree of complexity for the data. 

The fitted quadratic polynomial equations in terms of 

coded factors are presented below: 

Particle Size (Y₁):  

𝑌1 = 187.70 + 52.18𝑋1 − 21.95𝑋2 − 36.08𝑋3

+ 4.55𝑋1𝑋2 + 8.62𝑋1𝑋3 − 2.35𝑋2𝑋3

+ 15.84𝑋1
2 + 8.42𝑋2

2

+ 12.56𝑋3
2            (22) 

 

Polydispersity Index (Y₂):  

𝑌2 = 0.1984 + 0.0425𝑋1 − 0.0318𝑋2 − 0.0412𝑋3

+ 0.0085𝑋1𝑋2 + 0.0062𝑋1𝑋3

− 0.0045𝑋2𝑋3 + 0.0256𝑋1
2

+ 0.0148𝑋2
2 + 0.0186𝑋3

2            (23) 

Zeta Potential (Y₃):  

𝑌3 = −27.84 + 2.35𝑋1 − 3.82𝑋2 + 1.28𝑋3

− 0.65𝑋1𝑋2 + 0.42𝑋1𝑋3 + 0.28𝑋2𝑋3

+ 1.15𝑋1
2 + 0.85𝑋2

2

+ 0.62𝑋3
2            (24) 

Entrapment Efficiency (Y₄):  

𝑌4 = 82.30 + 5.12𝑋1 + 4.25𝑋2 − 2.85𝑋3 + 1.45𝑋1𝑋2

− 0.82𝑋1𝑋3 + 0.65𝑋2𝑋3 − 2.48𝑋1
2

− 1.86𝑋2
2 − 3.24𝑋3

2            (25) 

The ANOVA results summarizing model significance 
and adequacy metrics are presented in Table 3. 

 

TABLE 3. ANOVA Summary for Response Surface 

Quadratic Models 

Statistical 

Paramete

r 

Particl

e Size 

(Y₁) 

PDI 

(Y₂) 

Zeta 

Potentia

l (Y₃) 

EE 

(Y₄) 

Model F-

value 

68.42 52.18 45.64 58.76 

Model p-

value 

<0.000

1 

<0.000

1 

<0.0001 <0.000

1 

Lack of 

Fit F-

value 

2.85 3.12 2.64 2.42 

Lack of 

Fit p-

value 

0.1624 0.1385 0.1842 0.2065 

R² 0.9886 0.9852 0.9834 0.9868 

Adjusted 
R² 

0.9739 0.9662 0.9621 0.9698 

Predicted 

R² 

0.9285 0.9124 0.8956 0.9186 

Adequate 

Precision 

28.45 24.82 22.56 26.18 

CV (%) 3.42 4.18 3.86 2.15 

PRESS 1856.4 0.0024

8 

18.64 32.45 

 

All four of the above models had a extremely strong 

overall F-Stat value (p < 0.0001), which showed that the 

differences were not representative of the natural 

variation in the study parameters or that the responses 

were not merely due to random errors. Moreover, the lack 

of significance in the lack of fit also for all models (p > 

0.10) indicated that the quadratic polynomial offered an 
acceptable representation of the experimental data with 

no systematic bias. The high R² values for the models 

(0.9834-highest level and 0.9886-lower level) reflected 

the fact that the models would account for between 2.8-

1.1 level % of the total variability in each response, 

which is a very good or exceptional performance by the 

Fitz-Myers Index of the ability of the models to predict 

the dependent variable. The differences in the values 

Presented R² and Predicted R² were very minute about 

0.2 in All (ranging from 0.045 to 0.067), showing that 

there was no model overfitting and confirming the 

application of the model for predictive purposes. The 
stated precision values were very good and exceeded the 

value of 4 by a great margin (ranging from 22.56 to 

28.45) which confirmed that there was an appropriate 

level of response to noise that will help good design 

space exploration. 

Analysis of Factor Effects 

ANOVA for Individual Factor Contributions to Particle 

Size (Y₁): 

Sour

ce 

Sum 

of 

Squa

res 

d

f 

Mean 

Squa

re 

F-

val

ue 

p-

valu

e 

Signific

ance 

Mod
el 

42,85
6.24 

9 4,761.
80 

68.
42 

<0.0
001 

Signific
ant 

X₁ 

(PL

GA) 

21,78

1.92 

1 21,78

1.92 

312

.86 

<0.0

001 

*** 

X₂ 

(PV

A) 

3,854.

41 

1 3,854.

41 

55.

38 

0.00

01 

*** 
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X₃ 

(Spe

ed) 

10,41

4.09 

1 10,41

4.09 

149

.61 

<0.0

001 

*** 

X₁X₂ 82.81 1 82.81 1.1

9 

0.31

15 

NS 

X₁X₃ 297.1

6 

1 297.1

6 

4.2

7 

0.07

76 

NS 

X₂X₃ 22.09 1 22.09 0.3

2 

0.59

07 

NS 

X₁² 1,056.
45 

1 1,056.
45 

15.
18 

0.00
59 

** 

X₂² 298.4

2 

1 298.4

2 

4.2

9 

0.07

68 

NS 

X₃² 664.5

2 

1 664.5

2 

9.5

5 

0.01

75 

* 

Resi

dual 

487.3

2 

7 69.62 - - - 

Lack 

of Fit 

357.6

5 

3 119.2

2 

2.8

5 

0.16

24 

NS 

Pure 

Error 

129.6

7 

4 32.42 - - - 

Significance levels: *** p < 0.001; ** p < 0.01; * p < 

0.05; NS = not significant 

The examination was conducted on PLGA concentration 

(X₁) effect on particle size during formation of the 

nanoparticles and the examination revealed the most 

significant effect of this factor on a dependent variable (F 
= 312.86, p < 0.0001), as it carried 50.8% of the entire 

model sum of squares. This predominant role, however, 

encourages elevation of factor and from organizational 

relationships and changes in it (+52.18 nanometers that 

correspond to rise in volume) is caused by combined 

viscosity effects of the organic phase due to the 

concentration of the polymer being above optimal which 

retards efficient breakup of droplets when processing by 

high-speed homogenization. The viscous organic phase 

undergoes elastic deformation and this suppresses 

droplet breakage while in dynamic mode with the 

consequence being that the emulsion created is coarser 
translation which translates to larger nanoparticles 

during evaporation of the solvent. The velocity of the 

homogenizer (X₃), on the other hand, showed the second 

in strength (F = 149.61, p < 0.0001, 24.3%) negative 

influence (-36.08 nm to a coded unit) also confirming the 

well-known theory of enhanced droplet disintegration 

with increased power input. As for PVA concentration 

(X₂), it evinced a substantial negative effect (F = 55.38, 

0.0001 ≤ p < 0.01, 9.0%) being linked to intensified 

interfacial stabilization and less coalescence at higher 

amounts of surfactant. The significant quadratic terms 
for PLGA (X₁²) and homogenization speed (X₃²) 

suggested that linearity in factor-response relationships 

for these factors is not the case, given that the 

relationship between the factors and the responses 

deviate from the assumption, and their curves are of a 

concave character. 

 
Figure 1: Ishikawa Fishbone Diagram for Risk 

Assessment 

 

 

Response Surface Analysis 

 
Figure 2: Three-Dimensional Response Surface Plots 

for Particle Size 

This visual is made up of two 3D Response Surfaces. 

These surfaces are used to present data about the 

behaviour of nanoparticulate coatings with change in two 

independent variables. Surface (a) represents particle 

size ranging from 1.0 to 2.0% and was obtained at perfect 

homogenisation (from 8000 to 15000 RPM based on the 

min), as dependent on PLGA concentration (50,100, and 

150 mg); PVA concentration was kept at 1.0% w/v. Peak 

surface for this plot is observed to curve downwards 

within the space triangle between 40 and 90 along x-axis 
and 40 and 70 along y-axis to give a minimum figure of 
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approximately 125 nm. Equally, that figure is exceeded 

at the maximum point lying between 120 and 150 along 

x-axis and 10 and 40 within the y-axis. Measure intervals 

at 150,200,250, 300 nm on the base plane are limited by 

the contour lines enclosing the said size. Focusing on the 
changes made in PLGA preparations, most dense 

concentration of the polymer has the highest angle and 

looks very congested. However, the rate of 

homogenization changes with a constant shift, that is, 

with increasing or decreasing rate of change. In relation 

to the figure, an innercentre was drawn inside the bigger 

circle which limits the diameter of the visible line when 

any interaction cannot be found. Concentration of PLGA 

and PVA changes in a straight line with no change in 

direction, indication of no interaction which is the case 

since the p-value of the interaction factor X1X2 in the 

ANOVA is not significant (0.2552). Size of the particles 
is represented by colours ranging from blue(~125 nm) 

through yellow to red(~312 nm) highlighting the 

inequality in particle sizes within the design space. 

 

Figure 3: Response Surface Plots for Entrapment 

Efficiency 

 

In this figure, you will find a set of 3-dimensional 

response surface ensembles corresponding to the 

relevant series of 2-D contour plots of entrapment 

efficiency. Panel (a) displays the response surface for 

entrapment efficiency under changing PLGA and PVA 

concentrations while keeping the homogenization speed 

constant at 11500 rpm. Unlike the direct linear 

relationships observed in particle size, the shape of 

entrapment efficiency surface represents a clear dome, 

where the maximum efficiency close to 85% is obtained 
at intermediate levels of the factors. This curvature was 

enhanced by the significant negative quadratic 

coefficients among all estimated terms, revealing that the 

extremes of the factor ranges could result in suboptimal 

entrapment. The same discussion would hold true for 

lower PLGA levels, while increasing the polymer 

concentrations, polymeric viscosity could act as a 

hindrance for drug to disperse and interact effectively 

with the whole polymer system. Panel (b) shows 

corresponding contour plots with an optimized region 
situated within the central zone of the parameters (EE> 

82%) of approximately X₁ = 100 mg and X₂ = I . 1-m% 

w/v. Panel (c) shows entrapment efficiency as a function 

of PLGA concentration and homogenization speed at a 

PVA concentration of 1.0% w/v. The surface shows a 

negative effect of increased homogenization speed on 

entrapment efficiency due to increased drug leakage 

from the still swelled nascent nanoparticles during a 

prolonged processing time of high shear. The optimum 

homogenization speed for maximum entrapment lies in 

the middle of the linear 11,000-12,500 rpm range, in 

order to balance the authenticity of manufacturing tiny 
particles against the retention necessity of the drug. 

 

Figure 4: Contour Overlay Plot and Design Space 

Identification 

 

The plot given in the figure depicts a 2D Contour Plot 

overlay in the PLGA concentration (X₁) versus PVA 

concentration (X₂) factor space for an optimized 

homogenization speed of 12,500 rpm. It integrates 

specification limits for all four CQAs by determining the 

design space region simultaneously satisfying all the 
quality targets. Overlaying the particle size, as well as 

PDI lines for 150 and 250 nm and 0.25 shown as a dashed 

green line, respectively, means that zeta and entrapment 

efficiencies (-25 mV and 75%; red and dashed orange 

lines, respectively) are also defining these spaces in 

combination. The design space is represented by a 

yellow-shaded region in the extreme right corner of the 

space containing all four CQA specs: approximately 

within the bounds set by X₁ = 85-115 mg and X₂ = 0.95-

1.25% w/v. The formulation point optimal (X1 = 98.5 

mg, X2 = 1.15% w/v), wherein design space gets 

maximal robustness. Moving toward all four CQA partial 
dependencies, the probability of failure (specification 

failure) across this design is computed to be 12.4%, 

which is robust. 
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Optimization and Model Verification 

The optimal factor settings are determined by numerical 

optimization through the response desirability function 

as follows: 

PLGA Concentration (X₁): 98.5 mg (coded value: -0.03) 
PVA Concentration (X₂): 1.15% w/v (coded value: 

+0.30) 

Homogenization Speed (X₃): 12,500 rpm (coded value: 

+0.29) 

The desirability composite index (D) value at the optimal 

point was 0.892, indicative of the excellent simultaneous 

optimization of all four responses. Three verification 

batches were produced under the optimized states, and 

the predicted verities were compared with the observed 

ones in Table 4. 

 

TABLE 4. Model Verification: Predicted vs. 

Observed Values for Optimized Formulation 

Respo

nse 

Targ

et 

Predi

cted 

Valu

e 

95% 

CI 

(Predi

cted) 

Obse

rved 

Valu

e 

(n=3) 

Bi

as 

(

%

) 

t-

tes

t 

p-

val

ue 

Particl

e Size 

(nm) 

Mini

mize 

184.2 176.8 

- 

191.6 

186.4 

± 5.2 

+1.

19 

0.4

82 

PDI Mini

mize 

0.195 0.182 

- 

0.208 

0.198 

± 

0.02 

+1.

54 

0.6

24 

Zeta 

Potent
ial 

(mV) 

≤-25 -28.2 -29.8 - 

-26.6 

-28.6 

± 1.8 

+1.

42 

0.7

15 

Entra

pment 

Effici

ency 

(%) 

Maxi

mize 

83.1 80.4 - 

85.8 

82.4 

± 2.1 

-

0.8

4 

0.5

68 

 

All measured values fell within the 95% prediction 

intervals of the respective model, and the resulting paired 

t-tests showed no statistically significant differences 

between the predicted and observed values (all p > 0.05). 

The bias percentage (which is the absolute difference 
between predicted and observed values, normalized to 

predicted values) ranges from 0.84% to 1.54% and is 

much below the often-used cutoff of 5% for model 

validation. The results finally emphasized the 

predictivity of the developed polynomial models and the 

QbD-optimized formulation. 

Physicochemical Characterization of Optimized 

Nanoparticles 

Figure 5: Comprehensive Characterization of 

Optimized Glibenclamide Nanoparticles 

 

A total of six segments detailing various characteristics 

of the QbD-optimized GBN-loaded PLGA nanoparticles 

are depicted in this congruent figure. From Panel A-DF 

intensity-weighted particle size distribution as measured 

by dynamic light scattering of the monomodal Gaussian 

type shows a peak centered at 186.4 nm with a narrow 

spread. All the measures of Z-average diameter (188.8 

nm ± 2.2 nm), polydispersity index (0.198), and derived 

count rate were denoted on the plot. The absence of 

secondary peaks at smaller sizes (500 nm, aggregates) 

verifies the success of purification and colloidal stability. 
A broad symmetric peak (-28.6 mV) shows the size of 

the zeta potential distribution curve and the width of 

distribution (5.2 mV). The surface is moderately 

negative, which is mediated due to the ionized carboxylic 

acid end-groups Surface activated PLGA on one hand, 

and the adsorption of PVA on its surface to create an 

appropriate extent of electrostatic repulsion that supports 

colloidal stability. On the other hand, the surface is larger 

than what is considered favorable for cellular uptake (as 

large sections of the surface gave higher negative 

charges). 
(c) The field-emission secondary electron microscope 

(FE-SEM) images presented herein at magnifications of 

10,000× and 50,000×. The lower magnification image 

reveals uniform spherical nanoparticles with smooth 

surfaces and minimum aggregation within the field of 

view. The higher magnification inset shows an 

individual-particle morphology within the mean 

diameter of 178 ± 22 nm obtained through image analysis 

of 100 particles, which is well within the testing 

scenarios for GPCS (with the somewhat lower SEM size 

reflecting the dehydrated state versus hydrodynamic 

diameter). 
Panel (d) on the DSC thermograms showed the results of 

the thermal analysis conducted on glibenclamide (sharp 

melting peak at 173.5°C), its physical mixture with 

PLGA (reduced melting peak at 171.8°C), blank PLGA 

nanoparticles (glass transition at 48.2°C), and their drug-

loaded counterparts (also with glass transition at 46.5°C, 

yet suggest the absence of the drug melting peak). Please 
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note that the missing crystalline endotherm of the drug in 

the nanoparticle formulation lent credence to an 

argument of molecular dispersion of the drug in the 

amorphous PLGA matrix, expected to enhance 

dissolution rate and bioavailability. 
Panel e shows the FTIR spectra for the pure drug, PLGA, 

physical mixture, and GND-PLGA from 4000-400 cm-1. 

The key GND peaks include N-H stretch (3316 cm-1), 

which prefers amide (1716 cm-1), S=O asymmetric 

(1342 cm-1) stretch, and C-Cl stretch at 752 cm-1. From 

these peaks, one sees in the spectrum of GND-loaded 

nanoparticles, PLGA signals at 1752 cm-1 (C=O ester) 

and 1180 cm-1 (C-O stretch) alongside the amplitude of 

the drug peaks, which also confirms its intact successful 

encapsulation in the drug-polymer. 

PXRD patterns corresponding to the crystalline 

glibenclamide (sharp diffraction peaks at 2θ=10.8°, 
11.8°, 17.2°, 19.4°, 21.6°, and 24.2° corresponding to 

specific crystallographic planes), amorphous PLGA 

(broad halo centered at 2θ=20°), physical mixture 

(overlapped crystalline and amorphous patterns), and 

drug-loaded nanoparticles (only amorphous halo; no 

crystalline drug peaks observed) are shown in Figure 

1(f). PXRD data corroborated the DSC results by further 

confirming the complete amorphization of glibenclamide 

in the nanoparticle matrix. 

In Vitro Drug Release Kinetics 

The in vitro release profiles of the optimized 
glibenclamide nanoparticles compared to plain drug 

suspension are presented in Figure 6. 

 

Figure 6: In Vitro Drug Release Profiles and Kinetic 

Modeling 

This graph provides an overall drug release study in four 

different panels. Panel a summarizes cumulative 

percentage drug release with time over a period of 24 

hours for the optimized nanoparticles (closed circles) and 

plain glibenclamide suspension (open squares) in 

phosphate buffer at pH 7.4 and 37 °C. The errors bars 

represent standard deviation (n = 3). The plain drug 

suspension shows fast dissolution with 95.2±2.8% 

dissolution within 4 hours, which infers that dissolution 

of crystalline drug particles governs the release, and in 
this case, it occurs under sink conditions. However, it is 

another story for the Nanoparticle formulation. This one 

shows biphasic release comprising an initial burst phase 

(18.4 ± 1.2% release within first 2 hours) attributed to 

that which was available on the surfaces of the particles, 

and it further gives very slow release to achieve 78.5 ± 

3.2% in 24 hours. The sustained phase has almost a near-

linear relationship between the times 4-24 hours, which 

means release is controlled by diffusion from the PLGA 

matrix. 

In panel (b), the data on the release were fitted to the 

Higuchi Square Root model (cumulative release vs. root 
of time mass) leading to the linear regression value of r²= 

0.9892. It also disclosed that the Higuchi release 

constant, K_H, would be equal to 14.82 %·h⁻⁰·⁵, thereby 

implying that the release mechanism is diffusion 

controlled because drug release has occurred from an 

insoluble polymer matrix. 

In panel (c), the Korsmeyer-Peppas power law fit, 

expressed as log cumulative release against log time for 

the release magnitude from 10 to 60%, is displayed while 

n = 0.483 ± 0.018. This value falls within the 0.43–0.85 

range expected for particles of spherical shape that have 
anomalous (non-Fickian) transport, implying that both 

mechanism of decay may be contributing together to 

drug release. 

The bar chart in Figure (d) compares values for 

goodness-of-fit (r²) for five kinetic models: Zero-order 

(r² = 0.8542), First-order (r² = 0.9245), Higuchi (r² = 

0.9892), Korsmeyer-Peppas (r² = 0.9856), and Weibull 

(r² = 0.9918). The Higuchi and Weibull models were the 

best fits, with the Higuchi model representing preferred 

mechanistic interpretation. Based on model selection 

criteria (Akaike Information Criterion), Higuchi 

emerged as the best model in terms of the balance 
between goodness-of-fit and parsimony. 

 

TABLE 5. Drug Release Kinetic Parameters for 

Optimized Nanoformulation 

Kinetic 

Model 

Equatio

n 

r² Rate 

Constan

t 

AI

C 

Zero-Order Q = K₀t 0.854

2 

K₀ = 3.12 

%/h 

68.4 

First-Order ln(100-

Q) = -K₁t 

0.924

5 

K₁ = 

0.058 h⁻¹ 

52.6 

Higuchi Q = 

K_H√t 

0.989

2 

K_H = 

14.82 

%·h⁻⁰·⁵ 

28.5 

Korsmeyer

-Peppas 

Q = 

K_KP·tⁿ 

0.985

6 

K_KP = 

16.24, n 
= 0.483 

31.2 

Weibull Q = 

100[1-

0.991

8 

τ = 12.4 

h, β = 

0.62 

26.8 



Page: 1 0 0 9   

Statistical Optimization and Quality-by-Design of Nanotechnology-Based Antidiabetic Formulations 

IJDDT, Volume 16 Issue 1s, 2026 
 

exp(-

(t/τ)^β)] 

 

AIC = Akaike Information Criterion (lower values 

indicate better model) 

Stability Assessment 

For 6 months, at 25°C/60% RH and 40°C/75% RH, 
accelerated stability studies were carried out on the 

lyophilized obtained nanoparticles in order to assess the 

established optimized nanoparticulate formulations. 

Such studies as stated above will last for 6 months 

following guidelines by the ICH Q1A(R2). These 

samples were evaluated at 0 months, 1 month, 3 months, 

and 6 months for particle size, PDI, zeta potential, 

entrapment efficiency, and drug content. 

TABLE 6. Accelerated Stability Data for Optimized 

Nanoformulation 

Time 

(mon

ths) 

Condi

tion 

Parti

cle 

Size 

(nm) 

PD

I 

Zeta 

Poten

tial 

(mV) 

E

E 

(

%

) 

Drug 

Cont

ent 

(%) 

0 Initial 186.

4 ± 

5.2 

0.1

98 

± 

0.0

2 

-28.6 

± 1.8 

82

.4 

± 

2.

1 

99.8 

± 0.4 

1 25°C/

60% 

RH 

188.

2 ± 

5.5 

0.2

02 

± 

0.0

2 

-28.2 

± 1.9 

81

.8 

± 

2.

2 

99.5 

± 0.5 

3 25°C/

60% 
RH 

192.

5 ± 
6.1 

0.2

08 
± 

0.0

2 

-27.5 

± 2.0 

80

.6 
± 

2.

4 

98.8 

± 0.6 

6 25°C/

60% 

RH 

198.

4 ± 

6.8 

0.2

18 

± 

0.0

3 

-26.8 

± 2.2 

79

.2 

± 

2.

6 

97.6 

± 0.8 

1 40°C/

75% 

RH 

195.

6 ± 

6.4 

0.2

15 

± 

0.0

2 

-26.4 

± 2.1 

79

.8 

± 

2.

5 

98.2 

± 0.7 

3 40°C/
75% 

RH 

212.
8 ± 

8.2 

0.2
45 

± 

0.0

3 

-24.2 
± 2.4 

76
.4 

± 

3.

0 

95.6 
± 1.2 

6 40°C/

75% 

RH 

238.

5 ± 

10.5 

0.2

85 

± 

0.0

4 

-21.8 

± 2.8 

72

.5 

± 

3.

5 

92.4 

± 1.8 

 

Long-term studies have demonstrated good stability for 

the dosage form under stress conditions (25°C/60% RH) 

with respect to both physical and chemical attributes, 

showing less than 10% change in any of the quality 

attributes over 6 months. However, much larger changes 

were observed with respect to particle size (+27.9%) and 

entrapment efficiency (-12.0%) under stress conditions 
(40°C/75% RH), underlining the need for strength during 

storage for acceptable product quality. 

 

DISCUSSION 

Adoption of Quality-by-Design principles was put as the 

cornerstone in this study so as enough light might be shed 

upon the complex relationships involving the 

formulation parameters and nanoparticle attributes. The 

statistical data from the ANOVA results reveal the 

overwhelming influence of the PLGA concentration with 

reference to particle size (F-value = 186.42, p < 0.0001). 

In accordance with the established knowledge base, it is 
apparent that elevated concentrations of polymers will 

produce higher viscosity of the organic phase and will 

restrain droplet breakdown during emulsification to 

generate larger NPs as compared to other concentrations. 

It corroborates the dilation findings from earlier reports 

by Derman et al. [11] that signed a positive correlation 

between polymer concentration and the dimensions of 

PLGA nanoparticles. 

Homogenising speed will greatly reduce the size of 

particles thereby giving us a linear relationship. But its 

overweight nature has seen it give a very good 
implication in the case of droplet splitting and 

nanoemulsions' execution through increased mechanical-

disintegration energy inputs. The undersheet-flat line of 

this relationship flanked by a good optimization speed 

and optimized homogenizer coupling operation design 

would hence point out an upward 'Order of Success'. Too 

high a speed could soon lead to lower productivity of 

output, thus dampening its effectiveness and increasing 

adverse effects on added entrapping efficiency resulting 

from increased drug losses through high shear time-

related perforation of nascent nanoparticles. It goes 

without saying that 82.4% entrapment efficiency resulted 
by a definite half-improved form of glibenclamide nano 

formulations. Gonçalves et al. [3] reported an efficacy of 

70.3% and Pandey et al. [12] shown 72.8% entrapment 

using conventional optimization approaches. 

The optimized nano formulation demonstrates a 

sustained release profile, which is of much importance in 

the management of diabetes. The conventional 

formulations of glibenclamide require that the drug is 

administered twice or thrice daily due to its short half-

life of about 4-6 hours. The nanoparticle formulation 

exhibited a 24-hour duration, thus a once-a-day regimen 
could be followed - enabling quite good patient 

compliance and uniform glycemic control. In addition, 

the product would spread out peak plasma drug levels 

designated by hypoglycemic episodes and then maintain 

therapeutic levels. 

 

CONCLUSION 

This examination highlighted robust application of 

Quality-by-Design principles along with Response 
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Surface Methodology. It aimed systematically to develop 

and optimize polymeric nanoparticles ionically 

complexed with the hypoglycemic agent glibenclamide. 

In this study, use of the Box-Behnken algorithm as the 

design for experiment significantly minimized the 
number of experimental runs but generated statistically 

sound and predictive quadratic models later validated by 

verification experiments. The rationally preferred 

nanoformulation was targeted along the specified values: 

physicochemical parameters were as follows: 186.4 ± 5.2 

nm size dynamo; polydispersity index-0.198 ± 0.02; zeta 

potential magnitude -28.6 ±1.8; and encapsulation 

efficiency-82.4 ±2.1%. The controlled release was 

mainly found to comply with Higuchi kinetics, making 

the product eligible for long acetate administration, 

reducing the frequency of drug dosing, and enhancing 

therapeutic outcomes for diabetes. Therefore, the 

implementation of QbD in developing the 
nanoformulation will provide the best systematic 

guidelines for any similar BCS class II antidiabetic agent. 

The authors recommend future investigations be 

conducted in in vivo studies with a view of 

pharmacokinetic prediction, glutinosity study under ICH 

conditions, and upscaling plans for any intended clinical 

application
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