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ABSTRACT

Objective: Vildagliptin, a widely used antidiabetic agent, requires multiple daily doses, which can compromise patient adherence. This study aimed to 
design, optimize, and evaluate sustained-release microspheres of Vildagliptin using sodium alginate and Moringa gum prepared by ionotropic gelation, 
with a focus on improving entrapment efficiency, swelling behavior, and controlled drug release. In addition, physiologically based pharmacokinetic 
(PBPK) modeling was performed to predict in vivo performance.

Methods: Microspheres were formulated using varying ratios of sodium alginate and Moringa gum. The polymers were dissolved in water at 50°C, 
followed by the incorporation of 100  mg of Vildagliptin. The mixture was dropped into barium chloride solutions of different concentrations to 
induce cross-linking, producing nine formulations. Formed microspheres were cured for 15 min, washed, and air-dried. All batches were evaluated 
for particle size, entrapment efficiency, swelling index, and in vitro drug-release behavior. Drug-release kinetics were analyzed using mathematical 
models, and PBPK simulations were conducted to assess predicted pharmacokinetic performance.

Results: Among the nine formulations, F7 exhibited the most desirable characteristics with the highest entrapment efficiency (31.39%), a swelling 
index of 88, and controlled drug release reaching 95% within 4 h. Kinetic studies showed that most batches followed the Korsmeyer-Peppas model, 
indicating diffusion-controlled sustained release. PBPK modeling further demonstrated that F7 provided prolonged therapeutic plasma levels 
compared to immediate-release patterns.

Conclusion: The study successfully developed sustained-release Vildagliptin microspheres using Moringa gum and barium chloride. Formulation 
F7 showed optimized entrapment, swelling capacity, and sustained-release performance, suggesting its potential to reduce dosing frequency and 
enhance patient compliance in diabetes management.
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INTRODUCTION

Many drugs face challenges, such as low solubility, poor stability, or 
low bioavailability. This creates a clear need for safe, efficient delivery 
systems that can overcome the drawbacks of traditional treatments. 
The physiology of the gastrointestinal tract often limits how well 
conventional formulations work – especially for drugs that need to be 
absorbed in the lower intestine or colon. Standard dosage forms can’t 
reliably handle gastric emptying or ensure targeted, sustained delivery 
to these distal regions [1]. An ideal drug delivery system should 
release the right amount of medication at the right time and target it 
to the correct site in the body, while maximizing the drug’s activity and 
minimizing unwanted side effects [2]. Novel drug delivery systems have 
gained attention in recent years as they improve bioavailability, protect 
drugs from gastric degradation, allow site-specific delivery, reduce 
dosing frequency, and minimize side effects [3]. Microspheres are tiny, 
spherical particles that typically range in size from about 1–1000 µm. 
These microspheres can be made from a variety of materials, including 
both natural and synthetic polymers [4,5]. Vildagliptin is a novel, dual-
acting Dipeptidyl peptidase-4 (DPP-4) inhibitor that effectively regulates 
endocrine responses during both hypoglycemic and hyperglycemic 
states. In addition to enhancing insulin sensitivity through better 
blood glucose control, Vildagliptin also improves insulin sensitivity by 
reducing glucagon secretion during meals. Its favorable therapeutic 
profile stems from the combined pancreatic and extra-pancreatic 

actions of the incretin hormones Glucagon-Like Peptide-1 and Gastric 
Inhibitory Polypeptide [6-8]. It is approved for use as a monotherapy 
or in combination with other antidiabetic agents for the treatment 
of type  2 diabetes mellitus. However, its therapeutic effectiveness is 
limited when delivered through conventional oral dosage forms due 
to its short elimination half-life of approximately 1.6–2.5 h and rapid 
metabolic clearance [9,10]. To address this issue, optimization enables 
the identification of conditions that ensure optimal drug performance 
and sustained release. Optimization in pharmaceutics refers to the 
systematic adjustment of formulation and process variables to achieve 
maximum therapeutic efficacy, stability, and patient compliance [11,12]. 
Developing an effective pharmaceutical formulation requires attaining 
the desired dissolution profile with minimal experimentation. 
Response Surface Methodology, grounded in the principles of Design 
of Experiments (DOE), is extensively used for the optimization of 
drug delivery systems. This approach enables systematic assessment 
of formulation and process variables and it facilitates accurate 
prediction of outcomes, better understanding of variable interactions, 
and efficient selection of the optimal formulation [13,14]. A  factorial 
design studies the effect of multiple factors and their interactions on 
a response. In a three-level design, each factor is tested at low (−1), 
medium (0), and high (+1) levels, allowing evaluation of both linear and 
non-linear effects for better optimization and prediction. In a three-
level factorial design, each factor is tested at three levels – commonly 
coded as low (−1), medium (0), and high (+1). This allows researchers 

© 2026 The Authors. Published by Innovare Academic Sciences Pvt Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/) DOI: http://dx.doi.org/10.22159/ajpcr.2026v19i2.57676. Journal homepage: https://innovareacademics.in/journals/index.php/ajpcr

Research Article

https://orcid.org/0000-0002-7707-8629
https://orcid.org/0009-0004-5485-9790
https://orcid.org/0009-0002-0139-2109
https://orcid.org/0009-0001-0783-2964
https://orcid.org/0009-0000-3130-3416
https://orcid.org/0009-0008-4359-9902
https://orcid.org/0009-0006-3433-1176


98

Asian J Pharm Clin Res, Vol 19, Issue 2, 2026, 97-107
	 Das et al.

to explore both linear and non-linear (quadratic) relationships between 
factors and responses. Compared to two-level designs, three-level 
factorials provide better optimization and prediction of formulation 
performance [15,16].

Polymers play a crucial role in microsphere synthesis, as they allow 
the fabrication of uniformly shaped, well-defined particles across a 
broad size range [17]. Natural polymers are increasingly used in drug 
delivery formulations because they are highly biocompatible and 
biodegradable, making them safe and environmentally friendly [18,19]. 
Sodium alginate is well-known for forming gel-like structures in the 
presence of divalent cations, while Moringa gum, derived from Moringa 
oleifera, acts as a natural binder and release modifier. Alginates can 
be cross-linked using a range of physical and chemical methods. In 
chemically cross-linked gels, covalent bonds form between polymer 
chains, creating a more permanent and stable network. In contrast, 
physically cross-linked gels rely on non-covalent interactions – such 
as ionic bonding or hydrogen bonding – between polymer chains, 
resulting in a reversible and often less rigid structure [20,21]. Moringa 
gum, a natural exudate obtained from the stems of M. oleifera, has long 
been valued in both traditional Indian medicine and as a component 
of food and vegetables. The freshly released gum appears white 
but gradually changes to a reddish-brown or brownish-black color 
upon prolonged exposure to air. In the pharmaceutical and industrial 
sectors, Moringa gum has gained attention for its multifunctional 
properties. It is commonly used as a stabilizer, binder, mucoadhesive 
agent, disintegrant, and as a matrix for controlled and sustained drug 
release, making it a promising natural excipient in drug delivery 
systems [22,23]. With advances in computing power and greater access 
to pre-clinical, especially in vitro, ADME data, physiologically based 
pharmacokinetic (PBPK) modeling has gained significant attention 
in drug discovery and development. During the lead optimization 
stage, it can help predict human pharmacokinetics, including clinical 
doses and dosing schedules, making the development process more 
efficient [24]. A novel approach involves developing a PBPK model to 
predict how a drug behaves in human plasma using in silico simulations. 
The PK-Sim model was assessed for its ability to accurately forecast 
bioavailability and its potential role in streamlining drug discovery and 
development [25]. Microspheres offer several benefits over traditional 
drug delivery methods. They allow for controlled and targeted drug 
release, improves patient comfort and compliance. They also enhance 
the solubility of poorly water-soluble drugs, maintain steady plasma 
drug levels, and reduce the required dose, frequency, and side effects. 
It boosts bioavailability, improves stability, and extends the drug’s half-
life [26-28]. Microspheres have gained importance in drug delivery by 
enabling controlled release, improving bioavailability, and enhancing 
patient compliance. They are applied in areas, such as vaccine delivery, 
cancer therapy, ophthalmic treatments, and even gene delivery, offering 
targeted action with reduced side effects [29]. Emerging applications 
of microspheres include monoclonal antibody-mediated targeting, 
delivery through microparticulate carriers, vaccine delivery, topical 
administration using porous microspheres, and surface-modified 
microsphere systems [30]. The primary aim of this study was to design, 
formulate, and evaluate Vildagliptin-loaded microspheres using natural 
polymers – sodium alginate and Moringa gum – for sustained drug 
release, to enhance bioavailability and reduce dosing frequency in the 
management of Type II diabetes mellitus.

MATERIALS AND METHODS

Materials
Vildagliptin, sodium alginate, and Moringa gum were procured from 
Yarrow Chem Pvt. Ltd., Mumbai, India. Barium chloride (BaCl2) was 
obtained from Nice Chemicals Pvt. Ltd., Cochin, India. As per the 
Certificate of Analysis, sodium alginate was of medium viscosity grade, 
and Moringa gum was a natural polysaccharide exudate with particle 
size below 250  µm and moisture content <10%. All chemicals and 
reagents used were of analytical grade and were used as received 
without further purification.

Instruments
During formulation, polymer solutions were stirred using a Magnetic 
Stirrer (LB-MS1, Labcare, India) at controlled speeds, and the 
temperature was maintained. Fourier-Transform Infrared (FTIR) 
spectra were recorded using an Alpha II-FTIR Spectrometer (Bruker, 
Germany) to assess drug-excipient compatibility. Surface morphology 
of the microspheres was examined using a Field Emission Scanning 
Electron Microscope, FE-SEM, Model JSM-7500F (JEOL, Japan). Drug 
content and in vitro release samples were analyzed using a ultraviolet 
(UV)-Visible Spectrophotometer (V-730, Jasco Inc., Japan) operated 
at 208 nm. The pH of buffer solutions was adjusted using a digital pH 
meter (LI 617, Elico Ltd., Chennai, India). Tobo USB Digital Microscope 
(Image Sensor: CMOS) is used for particle size determination. In-vitro 
drug release studies were performed using a USP Type  II dissolution 
apparatus (“LABTRONICS” DISSOLUTION APPARATUS MODEL-  LT-
72 Mumbai, India) under sink conditions. PBPK simulations were 
conducted using PK-Sim® Software, Version 11.3.

Methodology
The method of ionotropic gelation (IG) was employed in the preparation 
of microspheres loaded with Vildagliptin by using biopolymers Sodium 
alginate and Moringa gum. IG works by crosslinking polyelectrolytes 
with counter-ions to form hydrogels. Natural polymers, such as alginate, 
gellan gum, chitosan, and carboxymethyl cellulose are commonly used 
to encapsulate drugs. In this process, polyvalent cations diffuse into 
drug-loaded polymer droplets, binding to anionic sites and creating 
a three-dimensional cross-linked network. The IG method is simple, 
cost-effective, and time-efficient, as it does not require sophisticated 
equipment or expensive reagents [31-33]. Barium chloride was used as 
cross-linking agents [34]. A 32 full factorial design was applied with two 
formulation variables:

Polymer ratio (Sodium alginate: Moringa gum) at three levels (low, 
medium, high).

Cross-linker concentration (Barium chloride) at three levels (1%, 2%, 
3% w/v).

This is a 32 full factorial experimental design governing quantitative 
and in vitro analysis, along with in silico simulation studying various 
pharmacokinetics properties using PBPK Modeling.

This resulted in nine experimental batches (F1-F9). All formulations 
contained a fixed drug amount (100 mg), while only the polymer ratio 
and cross-linker concentration were varied.

A homogeneous solution was prepared by dissolving accurately 
required quantity of Sodium alginate in 15  mL of purified water by 
utilizing a magnetic stirrer(LB-MS1, Labcare, India), maintaining 
200 rpm speed until it is dissolved. Moringa gum was also accurately 
weighed and dissolved in 15 mL purified warm water. The temperature 
of the above two solutions was maintained at 50°C. After complete 
dissolution, both the polymers were mixed uniformly.

In a different beaker, 100 mg of drug was mixed in 10 mL of water, and 
then the drug solution was added in the solution of polymers to form 
a drug polymer solution. In another beaker, counter-ion solution was 
prepared by adding different concentrations of barium chloride in 
100 mL of purified water for different batches.

When the mixing was completed, the drug polymer solution was 
extruded by a flat-tipped needle into the counter-ion solution. In the 
counter-ion solution, the drug polymer droplets were permitted to 
stand for 15 min for the curing reaction to provide a spherical shape. 
Then prepared microspheres were strained using a mesh strainer 
and washed thoroughly with distilled water to remove the additional 
residue of cross-linking agents. Finally, microspheres were then placed 
on a Petri dish and dried at normal room temperature. The composition 
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of Vildagliptin loaded Microspheres of different formulations is shown 
in Table 1.

Characterization of Vildagliptin-loaded microspheres
FTIR analysis
FTIR spectroscopy (Bruker Germany - Alpha II FTIR) is a widely used 
technique for characterizing molecular structures through Infrared (IR) 
absorption bands. FTIR spectra were recorded in the range of 4000–
400 cm−1 with a spectral resolution of 4 cm−1, averaging 32 scans per 
sample. It enables the identification of functional groups, molecular 
bonding patterns, and interactions, providing valuable insights into 
polymer interfaces, natural fibers, and composite materials [35]. FTIR 
Spectroscopy was carried out to study about the chemical structure, 
chemical bonds, and different functional groups present in the drug 
and the excipients. The drug-excipient compatibility of the formulation 
prepared was also studied using FTIR analysis [36].

Surface morphology and particle size measurement
The external surface morphology of the microspheres was examined 
using scanning electron microscopy (SEM) (FE-SEM, Model JSM-
7500F (JEOL, Japan). Samples were mounted directly onto SEM 
stubs using double-sided adhesive tape and subsequently coated 
with a 200  nm thick gold film under reduced pressure. Imaging 
was performed at an accelerating voltage of 10 KV [37]. A  specified 
number of microspheres were randomly selected, and their sizes 
were measured using an optical microscope. The optical micrometer 
was calibrated using a standard stage micrometer to ensure accuracy. 
The mean diameter of the microspheres was then calculated for each 
batch [38].

Evaluation parameters
Percentage yield
The prepared microspheres were completely dried and then weighed. 
The percentage of yield is calculated by taking the weight of the initial 
drug and polymer, which are used in the preparation and the weight 
of the finally prepared microspheres. By using these two values, the 
percentage of yield can be calculated by this formula [39,40].

Percentage of Yield
Weight of the microspheres

Weight of the drug
�

ppolymer
�100

Determination of drug entrapment efficiency
Specified amounts of dried microspheres were properly weighed, 
crushed with a mortar-pestle, and were taken into the solution of 
phosphate buffer (pH  6.8) [41]. It is kept for a time period so that 
the time should allow the maximum release of the drug from the 
formulation. Then, the suspension was filtered and a sample was taken 

to be analyzed with an UV-Visible spectrophotometer (V- 730, Jasco Inc, 
Japan) at a wavelength of 208 nm.

Drug entrapment efficiency
X

X
� �

1

2
100

Where, X1 = the experimental amount of the drug present in the beads, 
X2 = the theoretical amount of the drug taken initially [42,43].

Swelling index
This study was conducted in a buffer solution (pH  6.8). A  0.2 M 
KH2PO4 solution was prepared by dissolving 2.73  g in distilled water 
and adjusting the volume to 100  mL. A  0.2 M NaOH solution was 
prepared by dissolving 0.8 g in CO2-free distilled water and making up 
to 100 mL. Phosphate buffer (pH 6.8) was obtained by mixing 25 mL 
of KH2PO4 solution with 11.2  mL of NaOH solution and diluting to 
100 mL with distilled water, and adjusted to pH6.8 with the help of a 
pH meter (LI 617, Elico Ltd, Hyderabad, India) [44]. A pre-determined 
weight of the sample was accurately measured and dissolved in 
100  mL of buffer medium, allowing it to swell for a specified period. 
At a pre-determined time, the swollen microspheres were carefully 
removed, blotted with tissue paper to remove surface moisture, and 
then weighed [45].

Swelling Index
Final weight Initial weight

Initial weight
�

�
�100

In vitro drug release study
The in vitro drug release from the microsphere was evaluated in 
distilled water using a USP Type  II (rotating paddle) dissolution 
apparatus (“LABTRONICS” DISSOLUTION APPARATUS MODEL- LT-72, 
Mumbai, India) under sink conditions. A pre-weighed amount of each 
formulation was introduced into the dissolution medium [46].

At pre-determined time intervals, a 5 mL aliquot was withdrawn and 
immediately replaced with an equal volume of fresh dissolution medium 
to maintain constant volume and sink conditions. The collected samples 
were filtered and analyzed for absorbance at 208 nm using a UV–Visible 
spectrophotometer (V-730, Jasco Inc, Japan) with a suitable blank as 
reference [47,48]. All in vitro dissolution studies were carried out in 
triplicate (n = 3), and the results were expressed as mean±standard 
deviation.

Drug release kinetics
The drug release pattern of microspheres is depending upon the size, 
polymer density, cross-linking agents, polarity, pH of the medium, 
drug release through the matrix, and time. After collecting dissolution 
data, fitted in the popular release models, such as – Zero-order, First-
order, Hixon-Crowell, and Korsemeyer-Peppas model to check the drug 
release kinetics and predict the overall release behavior of the drug 
through microspheres [49-51].

The mathematical models applied included:

Zero-order model (Q = k₀·t + Q₀), where drug release is constant over 
time. First-order model (Q = Q₀·e(k₁·t)), where the release rate depends 
on the remaining drug. Higuchi model (Q = kH·t0.5), which describes 
release as a diffusion process based on Fick’s law. Hixson–Crowell 
model (Q1/3 = kH-C ·t + Q₀1/3), which considers changes in surface area 
and particle size as the drug dissolves. Korsmeyer–Peppas model 
(Q = kK-P·tⁿ), used especially when the release mechanism is not well 
defined or involves more than one process.

In the Korsmeyer-Peppas model, the release exponent (n) provides 
insights into the mechanism of drug release: If n ≤ 0.43, it indicates 
Fickian diffusion (drug release controlled by diffusion). If 0.43 < n < 0.85, 
it indicates non-Fickian or anomalous transport (a combination of 

Table 1: Composition of Vildagliptin‑loaded microspheres

Formulation 
code

Vildagliptin 
drug (mg)

Normalized levels of factors 
employed

Sodium alginate: 
Moringa Gum 

Barium chloride 
(%W/V)

F1 100 1.00 (−1) 3.00 (+1)
F2 100 1.00 (−1) 2.00 (0)
F3 100 1.00 (−1) 1.00 (−1)
F4 100 2.50 (0) 3.00 (+1)
F5 100 2.50 (0) 2.00 (0)
F6 100 2.50 (0) 1.00 (−1)
F7 100 4 (+1) 3.00 (+1)
F8 100 4 (+1) 2.00 (0)
F9 100 4 (+1) 1.00 (−1)
Values represent the coded levels of formulation factors. Polymer ratio is 
expressed as Sodium Alginate: Moringa Gum at three factorial levels (−1, 0, +1), 
and cross‑linker concentration represents Barium Chloride (% w/v) used for 
ionotropic gelation 
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diffusion and polymer relaxation). If n ≥ 0.85, the release follows Case-II 
transport, typically governed by polymer relaxation or swelling [52-54].

RESULTS AND DISCUSSION

DOE/Optimization
Optimization was performed based on a comparative evaluation of 
key response variables, including percentage yield, drug entrapment 
efficiency, swelling index, and cumulative drug release. A  formal 
desirability function was not applied. Formulation F7 was selected as 
the optimized batch due to its superior overall performance across all 
evaluated parameters.

Characterization of Vildagliptin loaded microspheres
FTIR analysis
The FTIR spectrum of pure Vildagliptin shows characteristic functional 
group vibrations, including O–H/N–H stretching (3290 cm−1), C–H 
stretching (2920–2850 cm−1), and C=O stretching (1654 cm−1). These 
peaks represent the intact molecular structure of the drug and serve as 
reference signatures for compatibility studies with polymers.

The spectrum highlights broad O–H stretching near 3355 cm−1, typical 
of polysaccharides, along with a strong C–O stretching peak around 
1015 cm−1. Additional peaks in the 1600–1400 cm−1 region represent 
carbonyl and carboxylate functionalities inherent to natural gums. 
These characteristic vibrations confirm the presence of polymeric 
carbohydrate structures.

The absence of any significant peak shift, disappearance, or formation 
of new peaks in the FTIR spectrum of the optimized formulation 
(F7) compared to the pure drug confirms the absence of chemical 
interaction, indicating physical entrapment and excellent drug–polymer 
compatibility.

The prepared Vildagliptin-loaded crosslinked sodium alginate and 
Moringa gum microspheres are shown in Fig. 1, demonstrating their 
spherical morphology.

FT-IR analysis was performed using a FT-IR spectrometer. FTIR 
(Figs.  2-4) show wavenumber in cm−1 on X axis and transmittance 
[%] on Y axis. The FTIR spectrum in Fig. 2 shows prominent peaks at 
3290 cm−1 (O–H/N–H stretching), 2920–2850 cm−1 (C–H stretching), 
and 1654 cm−1 (C=O stretching), indicating key functional groups. 
Peaks in the fingerprint region confirm the structural identity of the 
compound. From Fig. 3, it has been observed that the FTIR spectrum 
shows broad absorption around 3355 cm−1 (O–H stretching) and a 
strong peak at 1015 cm−1, indicating C–O stretching of polysaccharides. 
Additional peaks in the 1600–1400 cm−1 range suggest the presence 
of C=O functional groups. From Fig.  4, the FTIR spectrum displays a 
broad peak around 3325 cm−1, indicating O–H or N–H stretching, and 
a sharp peak at 1015 cm−1 corresponding to C–O stretching vibrations. 
Additional bands near 1640–1400 cm−1 suggest the presence of C=O 
and C=C functional groups. FTIR analysis revealed no interaction 
between the drug and polymer, confirming their compatibility.

Surface morphology and particle size
FE-SEM analysis was performed using JEOL MAKE, Model: JSM7500F. 
The surface morphology was studied under FE-SEM. From Fig.  5 the 
SEM images of Vildagliptin loaded microsphere shows a spherical shape 
with a rough, porous surface, and visible cracks, due to mechanical 
stress or excessive drying. The Figure shows a magnified image with 
a rough and highly porous surface, indicating a rough texture suitable 
for enhanced drug entrapment. The porous surface shows potential for 
controlled or sustained drug release.

FE-SEM images obtained at high magnification illustrate the external 
morphology of microspheres prepared through IG. The microspheres 
appear spherical with visibly rough and porous surfaces. The presence 
of pores and cracks suggests enhanced drug entrapment potential and 
controlled hydration behavior. Surface roughness indicates strong 
polymer cross-linking and supports sustained-release characteristics 
due to diffusional pathways within the matrix.

Fig. 2: Fourier-transform infrared graph of Vildagliptin

Fig. 1: Vildagliptin loaded crosslinked sodium alginate and 
Moringa gum microspheres
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Fig. 4: Fourier-transform infrared graph of formulation (F7)

Fig. 3: Fourier-transform infrared graph of Moringa gum

Fig. 5: Field emission scanning electron microscope images of Vildagliptin microspheres (F7)
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The Particle size was determined using an optical microscope. From 
Table  2, the particle size of the formulations varies between 0.8 mm 
and 1.1 mm. Most batches (F1, F5 to F8) maintained a uniform size 
of 1.0 mm, with F4 showing the smallest particles (0.8 mm) and F9 
exhibiting the largest (1.1 mm).

Result of evaluation parameters
Percentage yield
From Table  3, the percentage yield of the formulations ranged from 
63.64% to 98.18%. The lowest yield was observed for F3  (63.64%), 
while the highest yield was recorded for F6  (98.18%), with most 
formulations showing yields above 90%, indicating efficient formulation 
processes. Fig. 6 shows the comparison graph of the percentage yield 
of Vildagliptin microspheres, with X-axis depicts Formulation Code of 
the prepared batches, and the Y-axis depicts Percentage yield of the 
prepared batches of Vildagliptin Microspheres.

Drug entrapment efficiency
From Table 4, the drug entrapment efficiency of the formulations ranged 
from 16.21% to 31.39%. The highest entrapment was observed in 
F7 (31.39%), while the lowest was in F5 (16.21%), indicating variation 
in the efficiency of drug incorporation among the formulations. 
Fig.  7, shows the comparison graph of drug entrapment efficiency of 
Vildagliptin microspheres, with X-axis depicts Formulation Code of 
prepared batches, and the Y-axis depicts drug entrapment efficiency of 
prepared batches of Vildagliptin Microspheres.

Swelling index
In Table  5, the swelling indices of the formulations ranged from 40 to 
88. F1 exhibited the lowest swelling capacity (40) while F7 showed the 
highest swelling capacity (88), suggesting variations in the hydration and 
gel-forming ability of different formulations. Fig. 8, shows the comparison 
graph of the swelling index of Vildagliptin microspheres, with X-  axis 
depicts Formulation Code of the prepared batches, and the Y-axis depicts 
Swelling Index of the prepared batches of Vildagliptin Microspheres.

In vitro drug release study
Fig.  9, shows the comparison graph of the drug release profile of 
Vildagliptin microspheres, with X-axis depicts Time in minutes, and 
the Y-axis depicts percentage of drug release of prepared batches of 
Vildagliptin Microspheres. It shows how different formulations (F1-F9) 
of Vildagliptin microspheres released the drug over time in a lab setup. 
Formulation F7 released the most drug, reaching about 95% by the end 
of the test, suggesting it may be the most effective for sustained delivery.

Drug release kinetics
The drug release behavior of the Vildagliptin-loaded microspheres was 
studied using various kinetic models to understand the mechanism 
behind the release. For formulation F7, the release exponent value 
(n=0.526) obtained from the Korsmeyer–Peppas model indicates 

Table 2: Particle size (Mean±SD) of the prepared 9 batches 
of microspheres

Formulation code Particle size (mm) (Mean±SD)
F1 1.0±0.05
F2 0.9±0.04
F3 0.9±0.05
F4 0.8±0.03
F5 1.0±0.06
F6 1.0±0.05
F7 1.0±0.04
F8 1.0±0.05
F9 1.1±0.07
Particle size was measured using an optical microscope calibrated with a stage 
micrometre. SD indicates the standard deviation of measurements for each 
batch

Table 3: Percentage yield of prepared microspheres  
(Mean±SD, n=3)

Formulation code Percentage yield (%)
F1 71.82±1.34
F2 68.18±1.12
F3 63.64±1.45
F4 90.91±1.08
F5 97.27±0.92
F6 98.18±0.85
F7 92.73±1.21
F8 97.27±0.89
F9 91.82±1.14
Values are expressed as Mean±SD (n=3)

Table 4: Drug entrapment efficiency of Vildagliptin 
microspheres (Mean ± SD, n = 3)

Formulation code Drug entrapment efficiency (%)
F1 17.36 ± 0.78
F2 29.62 ± 1.05
F3 18.01 ± 0.82
F4 16.23 ± 0.69
F5 16.21 ± 0.73
F6 23.39 ± 0.91
F7 31.39 ± 0.98
F8 20.90 ± 0.87
F9 24.57 ± 0.94
Values are expressed as Mean ± SD (n = 3)

Table 5: Swelling index of Vildagliptin microspheres 
(Mean±SD, n=3)

Formulation code Swelling index (%)
F1 40.0±1.56
F2 62.0±2.04
F3 55.0±1.87
F4 80.0±2.31
F5 53.0±1.92
F6 74.0±2.18
F7 88.0±2.14
F8 78.0±2.09
F9 63.0±1.96
Values are expressed as Mean±SD (n=3)

Fig. 6: Percentage yield comparison of Vildagliptin microsphere
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anomalous (non-Fickian) transport, confirming that drug release 
was governed by a combination of diffusion and polymer relaxation 
mechanisms. Among the five models tested – Zero-Order, First-Order, 
Higuchi, Hixson–Crowell, and Korsmeyer–Peppas – the Korsmeyer–
Peppas model showed the best overall fit, especially for formulation 

F7, suggesting that the drug release was primarily governed by 
diffusion through the polymer matrix. The Higuchi model also fits many 
formulations well, indicating a significant diffusion-controlled release 
component. Meanwhile, the Hixson–Crowell model hinted at a role of 
erosion or reduction in particle size during the release process. The First-
Order model showed good correlation for a few batches, pointing to a 
concentration-dependent release, while the Zero Order model, although 
ideal for sustained release, was less fitting for most formulations.

The regression coefficients (R²) and release exponent (n) values obtained 
from different kinetic models for all formulations are summarized in 
Table 6.

PBPK modeling of Vildagliptin using PK-sim
PBPK modeling has emerged as a powerful quantitative framework for 
predicting drug absorption, distribution, metabolism, and excretion 
across diverse populations. By combining drug-specific physicochemical 
and pharmacokinetic properties with organism-level physiology, PBPK 
models enable mechanistic simulations of concentration–time profiles 
in plasma and tissues [55-58].

Model development and simulation
The PBPK model of vildagliptin, a selective DPP-4 inhibitor, was 
constructed in PK-Sim® - version 11.3, based on the drug’s molecular 
characteristics and disposition parameters. The physicochemical 
parameter of drug profile – molecular weight: 303.4 g/mol, logP: 1.10, 
pKa: 9.03, water solubility ~ 1.15 mg/mL) and pharmacokinetic inputs, 
including plasma protein binding (fraction unbound: 90.70%) and 
renal clearance (13 L/h), were integrated into the model [59-62].

The model was initially compared and validated using previously 
published clinical data of oral administrations (100  mg) in healthy 
volunteers.

The clinical pharmacokinetic and pharmacodynamic profile of 
vildagliptin reported in humans was considered during PBPK model 
validation and comparison with published literature [63].

Administrative protocol of different formulations
PBPK-simulated plasma concentration curves compare the predicted 
systemic exposure of Vildagliptin after administration of different 
microsphere formulations. Higher plasma concentrations in optimized 
batches (e.g., F7) indicate slow and sustained drug availability, consistent 
with in vitro release behavior. Early peaks in some formulations reflect 
faster drug release and absorption.

The simulated blood plasma concentration–time profiles over the initial 
4 h for all formulations are presented in Fig. 10, showing formulation-
dependent differences in early drug absorption.

Fig. 7: Drug entrapment efficiency comparison of Vildagliptin

Fig. 9: Release profile of prepared Vildagliptin microspheres

Fig. 8: Swelling behavior comparison of Vildagliptin microspheres
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The simulated blood plasma concentration values at corresponding 
time points for each formulation are provided in Table 8.

PBPK-analysis
PBPK analysis was carried out to evaluate the predicted in vivo 
pharmacokinetic behavior of Vildagliptin from the prepared 
microsphere formulations. The analysis involved the assessment of key 
pharmacokinetic parameters such as bioavailability, fraction absorbed, 

plasma clearance, maximum plasma concentration (C_max), time to 
reach maximum concentration (t_max), and mean residence time 
(MRT). The PBPK-simulated results indicated formulation-dependent 
variations in systemic drug exposure. Among all formulations, F7 
demonstrated higher bioavailability, prolonged plasma concentration, 
and delayed drug elimination, which correlated well with the sustained 
in vitro drug release profile. These findings suggest that the optimized 
microsphere formulation is capable of maintaining therapeutic drug 
levels over an extended period.

The key pharmacokinetic parameters derived from PBPK analysis, 
including bioavailability, fraction absorbed, C_max, t_max, clearance, 
and mean residence time, are summarized in Table 9.

Simulation comparison using PKSim® software
The fraction of dose released at different time intervals for all 
formulations, as used in PBPK simulations, is presented in Table 7.

The 24-h PBPK simulation shows complete plasma concentration-time 
profiles for all formulations. Formulation F7 demonstrates prolonged 
therapeutic levels and delayed decline, confirming sustained-release 
behavior. The modeling integrates drug physicochemical parameters, 
in vitro release data, and physiological variables, providing predictive 
insights into in vivo pharmacokinetics.

Fig. 11: Simulation comparison using PKSim® software where time taken 24 h

Fig. 10: Comparison of simulated blood plasma concentration 
in 4 h

Table 6: Results of curve fitting of in vitro Vildagliptin release data from prepared batches of Vildagliptin loaded microsphere

Kinetic model Regression co‑efficient (R2)

F1 F2 F3 F4 F5 F6 F7 F8 F9
Zero model 0.7143 0.8839 0.9623 0.965 0.9821 0.8194 0.8862 0.8602 0.9198
First model 0.667 0.8283 0.9436 0.9564 0.9238 0.7495 0.5535 0.9548 0.9339
Higuchi 0.6805 0.8616 0.9482 0.9833 0.9308 0.6751 0.9548 0.9565 0.9378
Hixon‑Crowell 0.6851 0.9036 0.9653 0.9839 0.9568 0.7739 0.5463 0.9469 0.9401
Korsmeyer‑Peppas 0.7916 0.8393 0.9587 0.9857 0.9034 0.6703 0.9802 0.9331 0.9479
n 0.2926 0.4449 0.443 0.4998 0.4885 0.4768 0.526 0.4707 0.472
R2 values represent the goodness of fit for various kinetic models applied to the drug‑release data. Release exponent (n) indicates the mechanism of drug diffusion based 
on the Korsmeyer‑Peppas model
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Table 7: Fraction of dose at different times

Time (h) Fraction dose

F1 F2 F3 F4 F5 F6 F7 F8 F9
0 0 0 0 0 0 0 0 0 0
0.25 0.156 0.268 0.198 0.245 0.155 0.036 0.383 0.398 0.272
0.5 0.165 0.275 0.222 0.280 0.173 0.039 0.429 0.429 0.305
0.75 0.170 0.283 0.251 0.329 0.202 0.056 0.456 0.438 0.323
1 0.173 0.284 0.276 0.368 0.206 0.083 0.486 0.459 0.333
1.25 0.174 0.298 0.302 0.440 0.267 0.084 0.525 0.512 0.346
1.5 0.178 0.321 0.333 0.517 0.361 0.086 0.656 0.551 0.354
1.75 0.187 0.330 0.359 0.550 0.419 0.099 0.681 0.575 0.389
2 0.200 0.342 0.389 0.609 0.438 0.101 0.703 0.596 0.441
2.25 0.212 0.353 0.429 0.670 0.451 0.114 0.740 0.626 0.460
2.5 0.221 0.394 0.464 0.713 0.500 0.173 0.799 0.671 0.506
2.75 0.224 0.412 0.497 0.752 0.511 0.180 0.830 0.694 0.525
3 0.225 0.422 0.514 0.775 0.587 0.196 0.864 0.732 0.571
3.25 0.236 0.459 0.552 0.851 0.639 0.203 0.892 0.780 0.623
3.5 0.288 0.516 0.628 0.893 0.684 0.251 0.909 0.805 0.641
3.75 0.388 0.525 0.668 0.908 0.752 0.382 0.934 0.830 0.695
4 0.494 0.653 0.715 0.923 0.816 0.470 0.949 0.854 0.735

Table 8: Simulated blood plasma concentration (mg/mL) at different times

Time (h) Fraction dose

F1 F2 F3 F4 F5 F6 F7 F8 F9
0 0 0 0 0 0 0 0 0 0
0.25 0.000066 0.000108 0.000083 0.000100 0.000100 0.000015 0.000139 0.000142 0.000109
0.5 0.000561 0.000648 0.000601 0.000636 0.000636 0.000214 0.000707 0.000713 0.000652
0.75 0.000940 0.001003 0.000974 0.001004 0.001004 0.000508 0.001063 0.001063 0.001013
1 0.001147 0.001193 0.001181 0.001210 0.001210 0.000723 0.001249 0.001241 0.001206
1.25 0.001232 0.001324 0.001326 0.001360 0.001360 0.000941 0.001380 0.001372 0.001338
1.5 0.001161 0.001430 0.001432 0.001460 0.001460 0.001040 0.001475 0.001469 0.001441
1.75 0.001101 0.001508 0.001521 0.001542 0.001542 0.001047 0.001557 0.001552 0.001527
2 0.001117 0.001474 0.001601 0.001619 0.001619 0.001073 0.001633 0.001629 0.001608
2.25 0.001185 0.001433 0.001674 0.001689 0.001689 0.001048 0.001702 0.001699 0.001682
2.5 0.001207 0.001371 0.001734 0.001753 0.001753 0.001061 0.001757 0.001737 0.001717
2.75 0.001102 0.001228 0.001609 0.001736 0.001736 0.000981 0.001629 0.001568 0.001544
3 0.000994 0.001106 0.001390 0.001524 0.001524 0.000899 0.001408 0.001356 0.001336
3.25 0.000914 0.001027 0.001232 0.001329 0.001329 0.000847 0.001248 0.001212 0.001195
3.5 0.000880 0.000976 0.001133 0.001202 0.001202 0.000817 0.001148 0.001123 0.001108
3.75 0.000858 0.000940 0.001069 0.001123 0.001123 0.000799 0.001083 0.001063 0.001051
4 0.000837 0.000914 0.001024 0.001068 0.001068 0.000781 0.001024 0.001017 0.001005

Table 9: Different parameters observed from PBPK analysis

Parameter PBPK‑analysis

F1 F2 F3 F4 F5 F6 F7 F8 F9
Bioavailability 0.059 0.065 0.068 0.071 0.070 0.054 0.072 0.069 0.068
Fraction Absorbed 0.051 0.057 0.061 0.064 0.063 0.045 0.065 0.062 0.061
Total Plasma Clearance (mL/min/kg) 165.14 151.12 139.39 136.12 137.12 180.94 139.83 140.42 141.95
C_max (µmol/l) 4.06 4.97 5.71 5.78 5.81 3.54 5.79 5.73 5.66
t_max (h) 1.25 1.80 2.50 2.50 2.50 1.95 2.50 2.50 2.50
MRT (h) 15.71 14.30 13.41 13.13 13.16 17.49 13.33 13.39 13.52

Among the tested formulations, F7 exhibited the most favorable 
pharmacokinetic profile, with the highest bioavailability (0.072) and 
fraction absorbed (0.065). It sustained plasma concentration and 
demonstrated an extended half-life of approximately 19 h. These results 
suggest that F7 achieved effective gastric retention and controlled 
drug release, likely due to optimized formulation parameters, such as 
polymer composition and matrix structure. The overall pharmacokinetic 
profiles indicate that these gastro-retentive formulations are capable of 
maintaining therapeutic plasma levels over an extended period, potentially 
allowing the reduced dosing frequency and improved patient adherence.

The complete 24-h PBPK-simulated plasma concentration–time profiles 
of all formulations are illustrated in Fig. 11, confirming the prolonged 
therapeutic exposure of formulation F7.

Statistical analysis
All experimental results were expressed as mean±standard deviation. 
Statistical comparison among different formulations was performed 
using one-way analysis of variance, followed by Tukey’s post hoc test. 
Differences were considered statistically significant at p<0.05.

DISCUSSION

In this study, a factorial design approach was used to understand how changes 
in polymer concentration and cross-linker strength affect the properties of 
Vildagliptin-loaded microspheres. All nine formulations contained a fixed drug 
amount (100 mg), but the ratio of proportions of Sodium Alginate and Moringa 
Gum were varied at three levels – low (−1), medium (0), and high (+1). Similarly, 
the concentration of Barium Chloride as cross linking agent was also adjusted 
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at three levels, as shown in Table 1. By doing this, it was clearly observed how 
each variable – and their combinations – impacted key characteristics, such 
as drug entrapment, swelling ability, and the release behavior of the drug. 
This systematic approach helped identify the most effective combination 
(F7) for sustained release, offering better control over drug delivery. With 
decreasing Sodium Alginate to Moringa Gum ratio or increasing amount of 
Moringa gum in the microsphere formula, the drug release was found to be 
slower. This fact might be due to the hydrophilic property of Moringa gum. In 
fact, higher Moringa gum-containing microspheres were swelled more and 
might produce a viscous barrier over the microspheres. This viscous barrier 
might have produced a barrier to drug release from these microspheres. 
In addition, in most of the cases, the drug release was found to be sustained 
when the cross-linking concentration was in increasing order. Overall, the 
drug release was found to be sustained over 4 h. Among all the kinetic models 
studied, the Korsmeyer–Peppas model showed the best overall fit, especially 
for formulation F7, indicating that the drug release was mainly sustained 
by diffusion along with some polymer relaxation or erosion (non-Fickian 
behavior). The Higuchi and Hixson–Crowell models also showed a good fit for 
several formulations, suggesting that both diffusion through the matrix and 
gradual erosion of the microspheres contributed to the overall release pattern. 
In this study, PBPK modeling with PK-Sim® provided valuable insights into 
how the prepared vildagliptin microsphere formulations behave inside the 
body. By combining the drug’s physicochemical properties with in vitro release 
data, the model was able to closely match clinical plasma concentration 
profiles reported in the literature. Among the tested batches, formulation F7 
showed the most promising outcome, maintaining higher bioavailability and 
prolonged plasma levels compared to others. This suggests that the optimized 
microspheres could effectively overcome Vildagliptin’s short half-life and 
support reduced dosing frequency. Overall, PBPK modeling proved to be a 
powerful approach for linking lab-based data with real biological performance, 
guiding the design of more patient-friendly sustained-release systems.

CONCLUSION

This experiment was performed with an objective to formulate and 
develop microspheres for control release of Vildagliptin by IG method, 
where barium chloride was used as a cross-linking agent and they were 
extensively evaluated in various parameters. The above study mainly 
focused on the effects of natural gum (Moringa gum) in the preparation 
of Vildagliptin microspheres. The evaluation has shown that the F7 batch 
has the highest swelling property, the F7 batch has the maximum drug 
entrapment efficiency, all the particle shapes are spherical in shape, and 
sizes were in between 0.1 and 1.0 mm (except batch F9, which has a size of 
1.1 mm). In the in vitro release study, the F7 batch has shown the highest 
in-vitro release. The F4 batch has also shown better swelling behavior 
and in-vitro release compared to others. Among the nine formulations 
in the kinetic release study, the majority of them have maintained the 
Korsymeyer–Peppas model, which demonstrates the used microspheres 
were of swell able matrix type. From the results and discussion, it has been 
concluded that the drug diffusion from the Vildagliptin loaded Microsphere 
has maintained the sustained drug delivery system. The PBPK modeling 
clearly showed that the optimized vildagliptin microspheres, especially 
formulation F7, can maintain drug levels in the body for a longer time 
and improve overall bioavailability, suggesting its potential to achieve 
prolonged drug release based on in vitro and in silico performance.
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