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INTRODUCTION
Type 2 diabetes represents a significant metabolic 

disorder, posing a substantial threat as a major global health 
concern. This condition exerts direct or indirect adverse 
impacts on the overall quality of life [1]. The condition is 
largely caused by diminished sensitivity to insulin or insulin 
resistance, and the progressive degeneration of pancreatic beta 
cells [2]. Glucose absorption decreases when insulin sensitivity 
is reduced, which results in a diminished cellular response to 
glucose. Thus, hyperglycemia and the harmful consequences of 
glucotoxicity arise [3]. Diabetes was the cause of 1.6 million 

deaths in 2016 alone. Predictions state that there will be an 
increase in the number of diabetes cases, with estimates of 643 
million by 2030 and 783 million by 2045 [4].

Metformin and sulfonylureas are frequently prescribed 
drugs for managing Type 2 Diabetes Mellitus. However, there 
is a possibility that these oral hypoglycemic agents will cause 
side effects such as hypoglycemia, liver damage, pancreatitis, 
and stomach pain. Therefore, there is a critical need to develop 
innovative and effective anti-hyperglycemic drugs that can 
reach the appropriate glycemic levels without increasing 
the risk of hypoglycemia. Treatment for type II diabetes has 
advanced significantly with the use of incretin hormones. 
Notably, glucose-dependent insulinotropic peptide (GIP) and 
glucagon-like peptide-1 (GLP-1) are two novel, potentially 
effective approaches to treat type 2 diabetes [5].

Significantly, the very short half-lives of GLP-1 and 
GIP are caused by the enzyme dipeptidyl peptidase-4 (DPP-
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ABSTRACT
Type 2 diabetes mellitus is a major metabolic condition that poses a serious risk and a significant public health concern 
worldwide. Vildagliptin is a new class of antidiabetic drugs used to treat type 2 diabetes mellitus. In the current work, 
Chitosan-Vildagliptin nanoparticles (CS-VLD NPs) were developed by simple desolvation technique. A 32 factorial 
design and response surface methodology were used for optimization. The prepared nanoparticles underwent 
characterization to determine their particle size (PS), polydispersity index (PDI), entrapment efficiency (EE),  FTIR, 
transmission electron microscopy (TEM),  in vitro drug release, and release kinetics. A 3-month accelerated stability 
study was performed for the optimized formulation (N6). The PDI value of CS-VLD NPs was varied from 0.24 ± 
0.025 to 0.39 ± 0.037, while the PSs were ranged from 118.24 ± 2.26 nm to 232.84 ± 6.79 nm. The EE values were 
varied from 26.54 ± 3.61 to 51.57% ± 1.52%. FTIR study had shown the compatibility of drug and polymer. TEM 
images were shown spherical-shaped nanoparticles. During the in vitro drug release study, sustained drug release 
was found up to 24 hours, followed by Higuchi kinetics. During the stability study, the optimized (N6) formulation 
proved its stability. The study concludes that the developed CS-VLD NPs may be a more effective approach than 
conventional drug delivery for the sustained release of Vildagliptin in the treatment of diabetes mellitus.
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achieving the expected performance of the formulation; in this 
regard, DoE and RSM are useful techniques [18].

In the present work, an attempt was made to develop 
Chitosan-loaded Vildagliptin nanoparticles by adopting a 
simple desolvation technique with QbD concept. The use of 
natural biodegradable polymers avoids the biocompatibility 
issue associated with nanoformulations. Furthermore, there 
is no any requirement for sophisticated equipment for the 
formulation thus it can be prepared at a small-scale laboratory 
and can be easily transferred at the production level.

MATERIALS AND METHODS

Materials
Vildagliptin was supplied as a complimentary sample 

from Ajanta Pharma Ltd. Mumbai, while low molecular weight 
Chitosan (CS), glutaraldehyde (GA), and acetone were procured 
from SD Fine Chemicals Ltd. Mumbai. Dialysis membrane 
(MW of 12 KDa) was brought from HiMedia, Mumbai, India. 
All other excipients and solvents used in the formulation were 
of analytical grade.

Preparation of Chitosan-Vildagliptin nanoparticles  
(CS-VLD NPs)

Vildagliptin-loaded Chitosan nanoparticles were 
developed using a simple desolvation method with a few small 
modifications [10]. Briefly, in a 50 ml aqueous acetic acid (2%) 
solution, various concentrations of CS 200 mg, 400 mg, and 
600 mg were dissolved separately and then 100 mg of VLD 
was added to form a homogeneous solution. Desolvation 
was then induced by adding acetone drop-by-drop while 
continuously stirring until a slight permanent turbidity was 
achieved. Following that, different volumes (50 µl, 100 µl, and 
150 μl) of glutaraldehyde (GA) were incorporated as a cross-
linking agent, and the solution was stirred overnight at 600 rpm 
using a mechanical stirrer to facilitate acetone evaporation. 
The obtained nanoparticles were collected by centrifugation 
(KUBOTA 7,000, Japan) at 4°C, 20,000 rpm for 1 hour. The 
sediment was washed with the same conditions in triplicate. A 
total of nine formulations were prepared and are presented in 
Table 1.

Statistical experimental design
Pharmaceutical formulations were traditionally 

developed by adjusting one variable at a time. This method 
requires an extensive amount of effort and time. Furthermore, it 
could be difficult to come up with an ideal formulation because 
the traditional method does not take the combined impacts of 
independent components into consideration. Thus, using well-
established statistical tools like factorial designs is essential to 
understand the complexity of pharmaceutical compositions.  
The number of independent variables used in the study will 
determine how many experiments are required. Table 2 depicts 
the total factorial experimental design. The amount of GA used 
and the concentration of CS were the two independent variables 
that were examined. Three levels (low, medium, and high) of 
each variable were examined and their effects on two dependent 

4). Thus, it is considered that inhibiting DPP-4 is a suitable 
approach for treating type 2 diabetes [6].

Vildagliptin is an inhibitor of the DPP-4 enzyme that 
has been studied extensively in the treatment of diabetes. Its 
molecular interactions with the DPP-4 enzyme have greatly 
advanced our understanding of this drug [7]. 

However, its glucose-lowering effects are transient 
due to a short half-life of 2–3 hours. As a result, diabetic patients 
are strongly advised to strictly adhere to the prescribed dosing 
schedule to maintain its efficacy [8].

Polymeric nanoparticles are pivotal in augmenting the 
efficacy of therapeutic agents by prolonging their circulation 
half-lives and diminishing phagocytic uptake and inactivation. 
These nanoparticles are prepared from synthetic or semi-
synthetic polymeric blocks, incorporating biodegradable 
polymers to optimize tissue compatibility while minimizing 
cytotoxicity. Chitosan, a naturally occurring polymer, is 
produced by deacetylating chitin. It is nontoxic, biocompatible, 
biodegradable, and biologically safe [9]. 

Chitosan has been recognized as one of the most 
effective biopolymers for developing formulations that provide 
sustained ocular delivery [10]. Furthermore, some other 
research works have demonstrated that Chitosan nanocarriers 
interact with the ocular mucosa and extend their residence 
time [11–13]. In oral drug delivery, Chitosan’s mucoadhesive 
properties are essential, as they enable it to stick to the mucosal 
lining of the gastrointestinal tract, thus enhancing localized 
drug delivery and absorption. The review by Mohammed et 
al. [14] examines how Chitosan can successfully overcome 
gastrointestinal barriers, boosting drug absorption and allowing 
for controlled release. The study highlights the importance 
of Chitosan’s ability to adhere to the intestinal lining, which 
improves drug absorption and bioavailability [14]. 

In this instance, we used Chitosan (CS) as the starting 
material to prepare a typical oral nanoparticles drug delivery 
system of VLD by desolvation process. To avoid the complexity 
of the process adopted by earlier mentioned studies, in the 
current study, Chitosan having low molecular weight was used 
at three different levels to prepare nanoparticles. 

Nowadays, there is an increasing focus on Quality by 
Design (QbD) as a systematic approach to ensure the quality of 
the products to accomplish certain goals, such as reduced costs, 
faster time-to-market, logical controls, and increased efficiency 
[15]. As QbD is useful in streamlining several processes 
and producing more stable and effective formulations, its 
application has grown significantly. Utilizing risk assessment 
also helps to improve comprehension of important techniques 
and product limitations [16]. Application of response surface 
methodology (RSM) and design of experiments (DoEs) is 
necessary to establish a design space for the input variables in 
the formulation [17]. DoE and RSM make it possible to collect 
data efficiently with fewer runs than with standard experimental 
designs, which change one variable at a time. This combination 
provides mathematical models that show output responses 
based on input variables and can be used to analyze response 
surfaces using linear or quadratic functions. Determining the 
ideal settings for these input variables becomes crucial to 
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variables viz., particle size (PS) and entrapment efficiency (EE) 
were studied. 

Determination of particle size and polydispersity index (PDI)
The PS and PDI of the developed nanoparticles were 

assessed using a Zetasizer (Nano ZS, Malvern Instruments Ltd., 
Worcestershire, WR14 1XZ, United Kingdom). Millipore water 
was used to properly dilute each sample and the refractive index 
was adjusted to 1.33. The temperature at which the analysis was 
performed was 25ºC [19].

Entrapment efficiency
EE of the CS-VLD-NPs was determined through a 

centrifugation technique. These samples were centrifuged for 
30 minutes at 4°C at 20,000 rpm (KUBOTA 7,000, Japan). 
The supernatant was collected, and the samples were diluted 
as needed with phosphate buffer at pH 7.4. These samples 
were then analyzed at 208 nm using a UV spectrophotometer 
(Shimadzu 1,900, Japan) [20,21]. The % EE was subsequently 
calculated using the following formula:

Amount of drug added  unentrapped drug % EE 1 00
Amount of drug added 

−
= ×  (1)

FTIR spectroscopy
The interactions between Vildagliptin and Chitosan 

were investigated, and the structural alterations that resulted 

from the conjugation of CS-VLD NPs were verified by 
using an FTIR spectrophotometer (Shimadzu DRS 8,000 IR 
Affinity-1, Japan), the FTIR spectra of VLD, CS, and CS-
VLD NPs were captured. The objective of this investigation 
was to evaluate the stability of the drug and its interactions 
with the polymer [22].

Transmission electron microscopy (TEM)
A 0.5 μl sample was collected and diluted using 4 ml 

of purified water. A diluted sample of 0.2 μl was transferred and 
coated on a 200-mesh cu-carbon grid. It was then let to dry at 
room temperature and negatively stained with a 2% solution of 
phosphotungustic acid. TEM samples were examined at 100 kV 
using a TECNAI G2 SPIRIT BIOTWIN, MINNESOTA (Make: 
FEI) [23].

In vitro drug release study
A dialysis bag was used for the in vitro drug release 

study for formulations N3, N6, and N9. In order to investigate 
the release of VLD, pre-treated dialysis bags (MW of 12 KDa) 
were filled with CS-VLD-NPs containing 10 mg of VLD, and 
both ends were sealed. These dialysis bags were immersed in a 
beaker containing 250 ml of phosphate buffer solution (pH 7.4). 
A thermostat was used to maintain a 37°C temperature, and 
the apparatus was set up on a magnetic stirrer with a 100 rpm 
setting. For up to 24 hours, a 2 ml sample was removed, and a 
new phosphate buffer solution was added at different intervals. 

Table 1. Experimental runs and their observed values of dependent variables.

Runs Formulation 
codes

Independent 
variables

Dependent variables

Y1 (nm) Y2 (%)

X1 X2 Actual Predicted Residual Actual Predicted Residual

1 N1 200 50 148.28 ± 2.48 149 −0.7206 26.54 ± 3.61 30.52 −3.98

2 N2 200 100 132.48 ± 4.47 132.83 −0.35 42.18 ± 2.78 38.01 4.17

3 N3 200 150 118.24 ± 2.26 116.67 1.57 43.49 ± 2.64 45.5 −2.01

4 N4 400 50 191.61 ± 4.79 190.88 0.7278 35.69 ± 3.03 34.9 0.7933

5 N5 400 100 176.36 ± 3.60 174.72 1.64 44.64 ± 4.73 42.39 2.25

6 N6 400 150 155.18 ± 3.09 158.55 −3.37 50.45 ± 1.56 49.88 0.5733

7 N7 600 50 232.84 ± 6.79 232.76 0.0761 38.34 ± 3.65 39.28 −0.9367

8 N8 600 100 215.14 ± 3.81 216.6 −1.46 48.58 ± 2.93 46.77 1.81

9 N9 600 150 202.31 ± 3.67 200.43 1.88 51.57 ± 1.52 54.26 −2.69

X1- CS (mg), X2- GA (µL), Y1- Particle size (nm), Y2- Entrapment efficiency (%) and all values are expressed in Mean ± SD (n = 3). 

Table 2. Experimental design with process variables and their levels.

Levels Independent variables Dependent variables

X1 
CS (mg)

X2 
GA (µl)

Y1=Particle size (nm) Y2=EE (%)

−1 200 50

Goal to minimize Goal to maximize0 400 100

+ 1 600 150
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Spectrophotometric examination of the samples was performed 
at 208 nm [24].

Kinetics study
Fitting data from in vitro releases into several kinetic 

models, such as the first order, zero order, Korsmeyer-Peppas, 
and Higuchi models, in order to develop an understanding of 
the drug release mechanism. The coefficient of correlation 
(R2) was used for each model to evaluate the degree to which 
it fit [25].

Stability study
The CS-VLD-optimized batch (N6) was subjected 

to a stability study. They were kept for three months in three 
distinct amber-colored glass bottles that were well sealed. 
Following the recommendations of the International Council 
for Harmonization, stability testing of the nanoparticles was 
conducted at 25°C ± 2°C and 65% relative humidity. Over a 
3-month period with a 1-month sampling interval, PS, PDI, and 
% EE were determined [26].

RESULTS AND DISCUSSION

Optimization of CS-VLD NPs
The CS-VLD NPs were optimized utilizing the two 

variables and three levels using DoEs software (Design Expert 
13). The desolvation method was used to produce CS-VLD 
NPs, which were then cross-linked with GA. Precipitation 
and coacervation are two mechanisms involved in the 
production of nanoparticles. In order to determine the effect of 
independent factors (X1, and X2) on dependent variables (Y1 
and Y2), a 3² RSM was employed. To investigate the effects 
of an independent variable, Figures 1a and 2a of 2D counter 
plots and Figures 1b and 2b of 3D response surface graphs 
were constructed. To investigate the mathematical relationship 
between independent and dependent variables, counterplots 
and polynomial equations were constructed. The linear model’s 
correlation coefficients (R²) values for the responses from Y1 
and Y2 were 0.9981 and 0.892, respectively, and are presented 
in Table 3. The ANOVA models for Y1 and Y2 are presented in 
Table 4. The responses for particle size (Y1) and EE (Y2) were 
computed using the following equations:

Particle size (Y1) = 174.72 + 41.88 X1-16.17 X2 (2)

EE (Y2) = 42.38667 +7.49000 X1 +4.38000 X2. (3)

When analyzing the relationship between particle 
size (Y1) and the concentration of CS (X1), it is evident from 
the positive integer that as the concentration of the polymer 
increases, the PS also increases. This outcome was expected 
because higher polymer concentrations lead to an increase in 
bulk, resulting in larger PSs. Furthermore, the negative integer 
for X2 (the amount of GA) shows the negative effect of the 
cross-linking agent on PS. 

With increasing concentrations of the cross-linking 
agent, there is a hindrance to the further swelling of the 
polymer, as it tightly holds the polymeric chains. This effect 
leads to a decrease in PS. The effect is more prominent for X1 

as compared to X2 which is visible through the integer values 
(41.88 vs. 16.17). In the case of EE, both the variables (X1 and 
X2) have a synergistic effect, which is witnessed through their 
positive integers in Eqs. 2 and 3. Furthermore, the effect of 
polymer concentration is more as compared to cross linking 
agent, this is due to higher polymer concentrations generally 
lead to increased viscosity during the nanoparticle formation 
process, which can result in larger PSs and more densely 
packed polymer matrices. The glutaraldehyde crosslinking of 
the particle-matrix results in a drop in the isoelectric point of the 
nanoparticles; however, no discernible effect of the crosslinking 
conditions on the final PS was detected [27]. The regression 
analysis of the results obtained has shown that the data fit a 
linear model for both responses within the study domain space, 
with R² values of0.9981 and 0.892 for Y1 and Y2, respectively. 
ANOVA study has shown the significance of the model with 
p < 0.0001 (for Y1) and p < 0.0013 for Y2.

Characterization of nanoparticles

PS and PDI
PS and PDI values for all the nanoformulations have 

been found in the range between 118.24 ± 2.26 nm to 232.84 ± 
6.79 nm and from 0.24 ± 0.025 to 0.39 ± 0.037, respectively. 
Figure 1 represents the 2D and 3D response surface plots for 
PS. The slopes of the line are indicative of the magnitude of 
the effect, while the directions of the line are indicative of 
the positive or negative impact of independent variables on 
dependent variables. The higher slope of factor A (concentration 
of CS) indicates its profound effect on PS as compared to factor 
B (amount of GA). PS increased as CS concentration increased; 
this could be due to strong intermolecular or intramolecular 
hydrogen bonds between CS molecules which may cause the 
nanoparticles to aggregate resulting in a large PS [28,29]. As 
the degree of cross-linking increased, a rigid matrix formed, 
enabling for a slight decrease in PS [10]. The PS heterogeneity 
in NPs was measured using PDI, which shows that the size 
distribution is narrow. A lower PDI value is highly desirable 
for the formulations that need a uniform size distribution [30].

Entrapment efficiency
The EE of the CS-VLD NPs was found in the range 

between 26.45 ± 3.61 and 51.57% ± 1.52% as presented in 
Table 1. The influence of the VLD to CS ratio on the EE was 
predicted by the 3D counter-plot (Fig. 2b) using data from 
the Design-Expert software. EE was shown to increase with 
increasing CS concentration; finding may be explained by the 
fact that the increased concentrations of CS offer more capacity 
to hold drugs. With an increase in polymer concentration up 
to 400 mg Chitosan (N6), the EE of Chitosan nanoparticles 
increased. The EE did not significantly increase beyond this 
concentration, which may be due to the complete saturation of 
available sites for the entrapment of the drug [31]. However, 
there has also been a little increase in the EE observed in 
nanoparticles with an increase in the cross-linking extent. This 
could be the result of a high crosslink density, which could stop 
drug particles from leaking out as the nanoparticles are being 
formed [10].
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FTIR spectroscopy
The FTIR spectra of (a) VLD, (b) Chitosan, and (c) 

CS-VLD-NPs are displayed in Figure 3a. Characteristic peaks 
in the VLD spectrum are seen at 3,492 cm−1 and 2,915 cm−1 
(exhibiting O–H and N–H stretching vibrations), 2,125 cm−1 
(C≡N stretching), 1,659 cm−1 (amide C=O), and 1,253 cm−1 
(C–N stretching). In Figure 3b, we can also observe the infrared 
spectrum of Chitosan. It is possible to attribute the absorption 
bands at around 2,869 cm−1 to C-H asymmetric stretching. 
The bands at about 1,550 cm−1 (C=O stretching of amide I) 
and 1,350 cm−1 (C-N stretching of amide III), respectively, 
proved the presence of residual N-acetyl groups. The bands at 
approximately 1,400 and 1,300 cm−1, respectively, confirmed 
the CH2 bending and CH3 symmetrical deformations. It is possible 
to explain the absorption band at 1,150 cm−1 to the asymmetric 
stretching of the C-O-C bridge. The bands corresponding to 
C-O stretching are located at 1,050 and 1,032 cm−1 [32]. In 

Figure 3c, The FTIR analysis of CS-VLD nanoparticles shows 
that the characteristic peaks of both Chitosan and the drug 
(VLD) are retained without significant shifts or new peaks. This 
indicates that the drug is physically encapsulated within the 
Chitosan polymer matrix without strong chemical interactions, 
ensuring compatibility and preserving the drug’s efficacy. The 
presence of broad bands around 3,400–3,500 cm–¹, consistent 
with O-H and N-H stretching, further supports the conclusion 
that the functional groups remain intact, confirming that the 
polymer and drug do not chemically interact significantly.

Transmission electron microscopy 
The shape of optimized nanoparticles (N6) has been 

examined using High-Resolution TEM, and its TEM image 
is shown in Figure 4. The spherical-shaped nanoparticles 
that appeared as individual moieties were seen in the TEM 
investigation.

Figure 2. a) 2D contour plot and (b) 3D response surface plot of % EE.

Figure 1. (a) 2D contour plot and (b) 3D response surface plot of PS.
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in the next 24 hours. The free drug solution exhibited a rapid 
release profile, with >90% of the drug being released within 
just 2 hours. Prolonged drug release in the phosphate buffer pH 
7.4 was observed. The release of VLD from the nanoparticles 
started very rapidly in the initial phase which slowed down 

In vitro drug release study
Drug release from CS-VLD NPs N3, N6, and N9 

was studied by in vitro dialysis bag method for 24 hours. The 
cumulative drug release (%CDR) of pure VLD, N3, N6, and 
N9 CS-VLD NPs is shown in Figure 5. Over a period of 24 
hours, all 3 batches of CS-VLD NPs showed a constant delayed 
release behavior. About 55%–70% of the drug was released by 
the nanoparticles in the first 6 hours, followed by 78%–84% 

Figure 3. FTIR spectra of (a) VLD, (b) Chitosan, and (c) CS VLD-NPs.

Figure 4. TEM image of optimized CS-VLD NPs.

Figure 5. In vitro drug release profile of formulation N3, N6 and N9. 
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and N9 formulations, the release characteristic was revealed 
by the regression coefficient value (R²) which being highest for 
the Higuchi model (R² = 0.821 0.880 0.912 for N3, N6, and 
N9, respectively). The Higuchi model describes drug release 
from a matrix system, primarily focusing on diffusion as the 
controlling mechanism, which occurs one-dimensionally from 
the matrix into the surrounding medium [33].

Stability study
For optimized CS-VLD NPs (N6), stability tests were 

carried out with PS, PDI, and %EE as the main parameters. The 
stability study results are presented in Table 6. The PS, PDI, 
and %EE of an optimized formulation (N6) did not significantly 
alter throughout the course of a 3-month accelerated stability 
testing, indicating the formulations were stable.

CONCLUSION
In the present investigation, a simple desolvation 

method was adopted to prepare CS-VLD NPs. The nanoparticle 
optimization process was successfully carried out using the 
QbD technique. Based on QbD technique, the optimized 
formulation for making CS-VLD NPs can be achieved with 400 
mg of Chitosan and 150 µl of glutaraldehyde in formulation N6, 
which shows minimum PS (155.18 ± 3.09 nm) and maximum 
EE (50.45% ± 1.56%). The formulation’s monodispersity is 
further supported by relatively low PDI (0.32 ± 0.06) and TEM 
investigations. Since nanoparticles address the issue of frequent 
VLD dosing for effective diabetes therapy, the observation of a 

afterward. The drug that has remained on the surface may 
dissolve quickly in the first fast-release phase. The drug that has 
been entrapped is dissolved in the following phase when the 
release medium penetrates nanoparticles [10].

Kinetics study
The release data were subjected to fitting into various 

kinetic models to estimate the drug release kinetics. The drug 
release mechanism for N3, N6, and N9 batches are presented 
in Table 5. According to the kinetic release data of the N3, N6, 

Table 3. Summary of results of regression analysis for responses Y1 and Y2. 

Models R² Adjusted R² Predicted R² Std dev. Press Remarks

Response Y1 Particle size

Linear  0.9,981 0.9,974 0.9,957 1.97 51.67 Suggested

2FI 0.9,981 0.9,969 0.9,918 2.16 99.82

Quadratic 0.9,981 0.995 0.9,807 2.76 233.71

Cubic 0.9,992 0.9,939 0.8,602 3.05 1,693.53 Aliased

Response Y2 EE

Linear 0.892 0.856 0.7,265 3.02 138.47 Suggested

2FI 0.8,989 0.8,382 0.3,876 3.2 310.12

Quadratic 0.9,788 0.9,436 0.803 1.89 99.74

Cubic 0.9,872 0.8,973 −1.3,403 2.55 1,185.08 Aliased

Table 4. ANOVA models for Y1 and Y2. 

Response Y1: Particle size

Source Sum of Squares df Mean Square F-value p-value Remarks

Model 12,092.61 2 6,046.31 1,552.79 <0.0001 significant

A-CS 10,524.44 1 10,524.44 2,702.86 <0.0001

B-GA 1,568.17 1 1,568.17 402.73 <0.0001

Response Y2: EE

Model 451.71 2 225.85 24.78 0.0013 significant

A-CS 336.6 1 336.6 36.94 0.0009

B-GA 115.11 1 115.11 12.63 0.012

Table 5. List of the drug release mechanisms.

N3 N6 N9

Zero order 0.496 0.589 0.639

First order 0.718 0.799 0.834

Higuchi 0.821 0.880 0.912

Korsmeyer-Peppas 0.596 0.628 0.650

Table 6. Stability study of optimized CS-VLD NPs.

Stability 
parameter

Test period

0 month 1 month 2 months 3 months

Particle size 
(nm)

155.18 ± 3.09 156.2 ± 2.74 158.06 ± 1.46 159.83 ± 0.77

PDI 0.32 ± 0.06 0.34 ± 0.01 0.33 ± 0.02 0.35 ± 0.02
% EE 50.45 ± 1.56 47.29 ± 2.40 48.94 ± 2.24 46.88 ± 0.80
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progressive release of VLD over a 24-hour period suggests the 
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