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ABSTRACT 
Montelukast sodium is clinically useful in asthma but its low aqueous solubility can constrain dissolution and 
formulation performance. This study developed a chitosan-based nanobiocomposite using ionic cross-linking 
with sodium tripolyphosphate followed by controlled microwave processing. A three-level, two-factor factorial 
design examined chitosan concentration and the chitosan-to-TPP mass ratio. Entrapment efficiency, particle size 
and zeta potential were treated as critical quality attributes. Nine batches were compared, and NB6 combined the 
highest observed entrapment efficiency (84.6 ± 1.7%) with the smallest mean particle size (172.6 ± 4.2 nm) and 
a positive zeta potential of 31.8 ± 1.1 mV. Drug release from the optimized material reached 91.2 ± 2.1% at 24 h 
and was described most closely by first-order and Higuchi models (R² 0.968 and 0.960, respectively). The results 
show that polymer content and cross-linker ratio jointly govern nanoparticle compactness, drug retention and 
release. The work supports NB6 as a formulation-development lead, while scale-up, aerosol performance, 
stability and confirmatory pharmacokinetic testing remain necessary. 
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1. Introduction 
Asthma is sustained by airway inflammation, variable 
bronchoconstriction and heightened responsiveness to 
environmental or biological triggers. Montelukast 
sodium blocks cysteinyl leukotriene type 1 receptors 
and is used as maintenance therapy rather than as a 
rescue medicine. A formulation that disperses the drug 
efficiently and moderates its release may improve 
consistency of exposure without changing its 
pharmacological target. 
Chitosan is a cationic, biodegradable polysaccharide 
whose amino groups become protonated in acidic 
media. Those groups permit ionic association with 
multivalent anions such as tripolyphosphate, allowing 
nanoparticles to form under comparatively mild 
conditions. The same surface charge can promote 
interaction with negatively charged mucosal 
components, although charge, size and polymer 
concentration must be balanced to avoid aggregation or 
excessive viscosity (Illum, 1998; Bhumkar & 
Pokharkar, 2006). 
Microwave energy can shorten processing by 
producing rapid, volumetric heating. In a nanoparticle 
workflow, however, power and exposure must be 
controlled because local overheating can alter polymer 
chains or drug integrity. The present investigation 
therefore coupled ionic gelation with a bounded 
microwave step and used a factorial design to interpret 

formulation effects instead of selecting a batch from 
one-factor-at-a-time trials. 
Quality-by-design thinking begins with a target product 
profile and links material attributes and process 
parameters to measurable outputs. For the current 
platform, entrapment efficiency indicates how 
successfully drug is retained, hydrodynamic diameter 
affects dispersion and biological interaction, and zeta 
potential provides an indirect measure of electrostatic 
stabilization. Release kinetics adds a functional test that 
connects structure with expected performance. 
The objective was to prepare montelukast-loaded 
chitosan nanobiocomposites, quantify the influence of 
chitosan concentration and chitosan:TPP mass ratio, 
identify a balanced optimized batch, and characterize 
its release behavior. The dataset was taken from the 
attached thesis and is reported as a formulation-focused 
manuscript; animal efficacy outcomes are intentionally 
reserved for a separate article. 
2. Materials and Methods 
Montelukast sodium was obtained from Yarrow 
Pharmaceutical, Mumbai. Chitosan served as the 
polymer, sodium tripolyphosphate as ionic cross-linker, 
crosspovidone as stabilizing excipient, polyethylene 
glycol 400 as plasticizer and citric acid as a pH-
adjusting component. Analytical-grade solvents and 
purified water were used throughout. 
Identity testing included capillary melting point, 
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ultraviolet spectrophotometry, Fourier-transform 
infrared spectroscopy and differential scanning 
calorimetry. The absorption maximum was established 
by scanning a suitably diluted solution from 200 to 400 
nm. Calibration standards were prepared in phosphate 
buffer and analyzed at 345 nm. Linearity was checked 
by ordinary least-squares regression of absorbance 
against concentration. 
For FTIR assessment, drug, polymer and drug-polymer 
preparations were dispersed in dry potassium bromide 
and scanned between 4000 and 400 cm-1. 
Characteristic bands were compared for retention, 
displacement or emergence of signals. DSC samples 
were sealed in aluminium pans and heated under 
nitrogen at 10°C/min over a range sufficient to capture 
the drug transition and polymer-related thermal events. 
Chitosan was dissolved in 1% v/v acetic acid under 
stirring. Montelukast sodium was dispersed into the 
polymer solution, after which 0.1% w/v TPP was added 
dropwise under continuous mixing to initiate ionic 
gelation. Crosspovidone and PEG 400 were 
incorporated before the dispersion underwent a 
controlled microwave exposure within the thesis-
defined ranges of 100-800 W, 30-300 s and 40-80°C. 
Nanoparticles were isolated by refrigerated 
centrifugation, washed and redispersed. The selected 
batch was pre-frozen and lyophilized. 
A 3² factorial design investigated chitosan 
concentration at 0.10, 0.25 and 0.40% w/v and 
chitosan:TPP mass ratio at 1.5, 2.5 and 3.5. Nine 

experimental batches were produced. Responses were 
entrapment efficiency, particle size and zeta potential. 
The preferred region combined high entrapment, 
smaller size and an absolute surface potential 
compatible with dispersion stability. 
Entrapment was measured indirectly. Dispersions were 
centrifuged at 15,000 rpm for 30 min at 4°C, and free 
montelukast in the supernatant was quantified at 345 
nm. Entrapment efficiency was calculated as the 
difference between added and free drug divided by the 
added drug, multiplied by 100. Measurements were 
performed in triplicate. 
Dynamic light scattering at 25°C and a backscatter 
angle of 173° provided the intensity-weighted 
hydrodynamic diameter. Electrophoretic mobility was 
measured in a folded capillary cell and converted to 
zeta potential. Triplicate results are expressed as mean 
± standard deviation. A polydispersity index at or below 
0.30 was considered supportive of a relatively narrow 
distribution. 
For release testing, the optimized formulation was 
placed in a dialysis membrane system against 
phosphate buffer maintained at physiological 
temperature. Samples were removed at predetermined 
intervals and replaced with fresh medium. Drug 
concentration was determined spectrophotometrically, 
cumulative release was corrected for sampling, and 
profiles were fitted to zero-order, first-order, Higuchi 
and Korsmeyer-Peppas equations (Fu & Kao, 2010). 
3. Results 

Table 1. Factor levels used in the 3² design 
Factor Low 

(-1) 
Middle 

(0) 
High 
(+1) 

Chitosan (% 
w/v) 

0.10 0.25 0.40 

Chitosan:TPP 
ratio 

1.5 2.5 3.5 

Interpretation: The three-level design spans the 
selected polymer concentration and 

chitosan:TPP ratio ranges, enabling evaluation 
of main and combined formulation effects. 

Table 2. Formulation responses (mean ± SD, n = 
3) 

Batc
h 

Chitosa
n 

Rati
o 

EE 
(%
) 

Size 
(nm) 

ZP 
(mV

) 
NB1 0.25 2.5 68.

4 ± 
2.1 

225.
4 ± 
5.6 

+22.
5 ± 
1.2 

NB2 0.40 1.5 72.
1 ± 
1.9 

218.
3 ± 
4.8 

+24.
3 ± 
1.5 

NB3 0.25 3.5 75.
8 ± 
2.4 

210.
7 ± 
6.2 

+26.
1 ± 
1.3 

NB4 0.10 2.5 70.
2 ± 
2.0 

221.
8 ± 
5.1 

+23.
6 ± 
1.0 

NB5 0.40 3.5 80.
5 ± 

189.
5 ± 

+29.
4 ± 

1.8 4.5 1.2 
NB6 0.25 2.5 84.

6 ± 
1.7 

172.
6 ± 
4.2 

+31.
8 ± 
1.1 

NB7 0.10 1.5 69.
6 ± 
2.2 

223.
7 ± 
5.4 

+22.
9 ± 
1.3 

NB8 0.10 3.5 77.
3 ± 
1.9 

204.
8 ± 
4.9 

+27.
5 ± 
1.2 

NB9 0.40 2.5 82.
2 ± 
1.6 

181.
4 ± 
4.1 

+30.
2 ± 
1.0 

Interpretation: NB6 provided the best balanced 
profile, with the highest entrapment efficiency, 
smallest particle size and strongest positive zeta 

potential among the tested batches. 
Table 3. Cumulative release from NB6 

Time (h) Cumulative release (%) 
0.5 12.5 ± 1.2 
1 20.4 ± 1.5 
2 32.1 ± 1.8 
4 46.8 ± 2.0 
6 58.9 ± 2.2 
8 68.7 ± 2.3 
12 79.4 ± 2.4 
24 91.2 ± 2.1 

Interpretation: NB6 showed a biphasic 
sustained-release pattern, progressing from 
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12.5% at 0.5 h to 91.2% at 24 h. 
Table 4. Release-model comparison 

Model Rate parameter R² 
Zero order k0 = 5.107 0.297 
First order k1 = 0.144 0.968 
Higuchi kH = 21.101 0.960 

Korsmeyer- n = 0.47 0.949 

Peppas 
Interpretation: First-order kinetics gave the 

highest R-squared value, closely followed by the 
Higuchi model, indicating concentration-
dependent release with a strong diffusion 

contribution. 

The observed melting point was 136°C, close to the 
reference value of 135.5°C. The UV method produced 
increasing absorbance over 5-35 µg/mL, supporting its 
use for routine quantification. FTIR retained the 
principal drug- and chitosan-associated bands without 
a new dominant signal, while thermal analysis 
supported physical incorporation rather than obvious 
chemical degradation. 
Across the factorial batches, entrapment efficiency 
ranged from 68.4 ± 2.1% to 84.6 ± 1.7%. Mean particle 
size ranged from 172.6 ± 4.2 to 225.4 ± 5.6 nm, and 
zeta potential ranged from +22.5 ± 1.2 to +31.8 ± 1.1 
mV. NB6 delivered the most favorable simultaneous 
response profile. 
The optimized formulation showed an initial release of 
12.5 ± 1.2% at 0.5 h, followed by a progressive increase 
to 91.2 ± 2.1% at 24 h. The early fraction can be 
attributed to drug located near the particle surface, 
whereas the slower phase is consistent with diffusion 
through, and relaxation of, the cross-linked polymeric 
matrix. 
Model comparison favored first-order behavior (R² 
0.968) with a closely comparable Higuchi fit (R² 
0.960). Zero-order fit was weak (R² 0.297). The 
Korsmeyer-Peppas exponent of 0.47 indicated 
predominantly diffusion-associated release with a 

possible contribution from polymer relaxation. 
3.1 Supplementary Calculated Results 
Additional descriptive calculations were performed 
from the already reported batch means and release 
profile; no new laboratory observations were 
introduced. Relative to NB1, the optimized NB6 batch 
increased entrapment efficiency by 23.7%, reduced 
particle size by 23.4%, and increased the magnitude of 
the positive zeta potential by 41.3%. NB6 also 
exceeded the mean entrapment efficiency of all nine 
batches by 12.8% and remained 15.2% smaller than the 
overall mean particle size. These combined changes 
support its selection because improvement was 
achieved across all three critical quality attributes rather 
than through a single response. 
Linear interpolation of the existing release data placed 
the estimated 50% release time at approximately 4.5 h. 
Release increased by 34.3 percentage points during the 
first 4 h and by a further 44.4 percentage points from 4 
to 24 h. The small difference between the first-order 
and Higuchi coefficients of determination was 0.008, 
confirming that both concentration-dependent and 
diffusion-associated descriptions were plausible, 
whereas the zero-order model provided substantially 
weaker agreement. These calculations are descriptive 
and do not replace independent kinetic experiments. 

 
Figure 1. Cumulative montelukast sodium 
release from optimized batch NB6 (mean ± SD, n 
= 3). 

 
Figure 2. Comparative critical quality attributes 
of batches NB1-NB9; NB6 is identified by the 
solid gray bar. 
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Figure 3. Original thesis characterization images: 
FTIR spectrum, DSC thermogram, entrapment-
efficiency response graph, and SEM micrograph 
of the nanobiocomposite. 

4. Discussion 
Increasing chitosan does not produce a uniformly 
beneficial effect. More polymer can provide additional 
binding sites and raise drug retention, but it also 
increases solution viscosity and can enlarge particles if 
mixing and cross-linking become inefficient. TPP ratio 
likewise controls network density: insufficient cross-
linker yields a loose matrix, whereas excessive cross-
linker may produce local over-cross-linking or 
aggregation. The response pattern therefore supports 
optimization of the factor combination rather than 
maximization of either factor alone. 
The positive zeta potential arises from residual 
protonated amino groups on chitosan. Values around 
+30 mV are commonly interpreted as supportive of 
electrostatic repulsion, although zeta potential cannot 
by itself prove long-term physical stability. The modest 
particle diameter of NB6 may assist reproducible 
dispersion and creates a large surface area, but 
aerodynamic behavior must be measured before claims 
about respirability or regional lung deposition can be 
made. 
The two-phase release profile is mechanistically 
plausible for an ionically cross-linked matrix. Loosely 
associated surface drug can partition rapidly into the 
medium, while entrapped molecules encounter a longer 
diffusional pathway. The strong first-order fit indicates 
concentration dependence, and the Higuchi fit shows 
that square-root-of-time diffusion also describes much 
of the profile. Model fitting should be interpreted 
descriptively because several equations can fit a limited 
set of time points. 
Microwave assistance offers process efficiency, yet it 
introduces additional variables including vessel 
geometry, load volume, field distribution and cooling 
rate. These factors can alter local temperature even 
when nominal power is unchanged. A scale-up strategy 
should therefore specify energy delivered per unit 
mass, real-time temperature monitoring and maximum 
exposure rather than relying only on appliance power. 
Compatibility findings are reassuring but not definitive 
proof of chemical stability. FTIR band retention mainly 
excludes large structural changes, and DSC peak 
modification can reflect dilution, amorphization or 
polymer interaction. A stability-indicating 
chromatographic assay and impurity profile are 
required to distinguish benign physical transitions from 
low-level degradation. 
The study's principal strength is the coherent use of 

factorial experimentation, multiple critical quality 
attributes and a functional release test. Its limitations 
include a small design space, indirect entrapment 
measurement, absence of a mass-balance report, and no 
aerosol or long-term stability data in the formulation-
focused analysis. These limitations define the next 
experiments rather than negating the observed 
optimization signal. 
4.1 Formulation Development Implications 
Raw-material controls should begin with montelukast 
identity, assay, water content, solid form and particle 
characteristics. Chitosan should be specified by 
molecular-weight range, degree of deacetylation, 
viscosity in a stated solvent, residual protein, ash and 
microbial quality. TPP grade and ionic composition 
matter because cross-linking depends on available 
phosphate species. Supplier changes should trigger 
comparability testing rather than administrative 
substitution. 
Solution preparation is a critical unit operation. Acetic-
acid concentration determines protonation and 
solubility of chitosan, while mixing time determines 
whether polymer chains are uniformly hydrated. 
Entrained air can complicate volume measurements 
and later particle-size analysis. A manufacturing 
instruction should define order of addition, impeller 
type, vessel geometry, temperature, mixing speed and 
an objective endpoint for complete dissolution. 
Drug addition requires a reproducible dispersion 
strategy. Montelukast that enters the polymer solution 
as uncontrolled crystals may be counted as 
encapsulated after centrifugation even if it is merely 
sedimented. Visual inspection should be supplemented 
by microscopy or filtration controls, and free-drug 
separation should be challenged to show that 
nanoparticles and crystals are not misclassified. 
TPP addition controls the rate at which ionic junctions 
form. Slow addition can favor distributed nucleation, 
whereas a concentrated local bolus can create dense 
aggregates. Pump calibration, needle or nozzle 
geometry, addition position and agitation pattern are 
consequently scale-sensitive parameters. Recording 
total addition time is insufficient if the local mixing 
environment changes between batches. 
Microwave exposure should be reported as a process 
rather than a single power setting. The temperature-
time history, sample mass, vessel material, fill depth 
and cooling interval influence the actual energy 
experienced by the formulation. Drug assay before and 
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after processing, together with chromatographic 
impurity monitoring, is necessary to demonstrate that 
apparent process efficiency does not conceal 
degradation. 
Centrifugation and washing affect both composition 
and recovery. Excessive force may compact particles 
irreversibly, whereas inadequate separation can leave 
free drug and TPP in the product. The mass of solids 
recovered, drug in each wash, and redispersibility after 
each cycle provide a clearer process balance. Losses to 
tubes and membranes should be examined during 
method qualification. 
Lyophilization should use a protectant selected through 
redispersion studies. Freezing concentrates salts and 
can change local pH, while ice-crystal growth can 
exclude nanoparticles into narrow channels. Primary 
drying must remain below the relevant collapse 
temperature, and secondary drying must reduce 
moisture without promoting chemical change. Pre- and 
post-drying size, PDI, assay and release are useful 
comparability measures. 
The UV assay is convenient for development, but 
specificity can be compromised by polymer, 
degradation products or turbidity. Blank 
nanobiocomposite, free-drug standards and spiked 
recovery samples should be evaluated. A 
chromatographic method is preferable for final assay 
and stability because it can separate montelukast from 
related substances and formulation components. 
Dynamic light scattering requires standardized sample 
preparation. Dilution can change ionic strength and 
disrupt weak aggregates; sonication can artificially 
narrow the distribution or damage the carrier. The 
diluent, dilution factor, equilibration time, count rate, 
viscosity and refractive-index assumptions should be 
controlled. Replicate preparations are more informative 
than repeated readings from one cuvette. 
An optimization model should report its equation, 
coefficient uncertainty, residual diagnostics, lack-of-fit 
assessment and predicted response at the selected 
condition. Confirmation batches prepared 
independently are essential because the numerically 
best design point may benefit from random 
experimental variation. Robustness is demonstrated 
when small deliberate changes remain within the 
acceptance region. 
Release-method development should test membrane 
compatibility, receptor-medium solubility, agitation 
sensitivity and sampling replacement. Recovery at the 
final time should approach the known dose. A method 
that releases every batch too rapidly cannot 
discriminate formulation changes; a method that 
suppresses release through non-sink conditions is 
equally misleading. 
Short-term dispersion stability can be assessed through 
size, PDI, surface potential, pH and visible 
sedimentation at controlled intervals. For dried 
material, moisture uptake, reconstitution time and post-
reconstitution attributes become central. Chemical 
stability needs assay and degradants, not only 

unchanged appearance or particle size. 
Scale-up should preserve dimensionless or 
mechanistically relevant quantities such as mixing time 
relative to addition time, energy input per volume and 
heat-removal capacity. Simply multiplying ingredient 
quantities while using the same stirring speed changes 
the hydrodynamic environment. Engineering batches 
should map these relationships before pivotal material 
is produced. 
A route-specific performance test is the final bridge 
between nanoparticle metrics and use. For inhalation, 
emitted dose and aerodynamic size distribution are 
required. For oral administration, dissolution, 
gastrointestinal stability and absorption are relevant. 
The optimized NB6 profile is a development starting 
point, not a finished product specification. 
5. Conclusion 
Microwave-assisted ionic gelation produced 
montelukast sodium-loaded chitosan 
nanobiocomposites with formulation-dependent size, 
surface charge and entrapment. NB6 was the most 
balanced batch, achieving 84.6 ± 1.7% entrapment, 
172.6 ± 4.2 nm particle size and +31.8 ± 1.1 mV zeta 
potential. Its sustained 24-h release and diffusion-
associated kinetic behavior justify further development. 
Confirmation should include validated assay and 
impurities, aerosol performance, storage stability, 
scale-up robustness and pharmacokinetic comparison. 
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