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ABSTRACT

Objective: The present study aims at formulation development of solid lipid nanoparticles of Edaravone (EDN), for nasal administration to improve
the permeation through blood blood-brain barrier for therapeutically effect on Alzheimer’s disease.

Methods: Solid lipid nanoparticles (SLN) are formulated by using the lipid core of Glyceryl monostearate and Tween80 as surfactant through
emulsification, solvent evaporation technique and optimized by using 32 central composite design (CCD) secondary overlay plots. Selection of the
optimized formulation based on the dependable factors like entrapment efficiency (EE), particle size, polydispersity index (PDI), zeta potential and
drug release studies. The selected optimized formulation was subjected to test the behavioral changes in Wister rats.

Results: The final optimized formulation was observed as particle size 0of<200 nm. Entrapment efficiency of 87%, zeta potential of-21.23mEV and drug
release of 84%. In vivo studies with the SLN encapsulated EDN showed better memory retention when comparing with the pure drug formulation. Y-
Maze test behavioral score with control group 24.5+3.39% was considerably lower with the ENP-treated group (53.5+4.41% for high dose).

Conclusion: EDN encapsulated SLN delivered through the nasal route of administration has the better therapeutical applications in nano

formulation strategies.
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INTRODUCTION

Nanocarriers are drug delivery systems that range in size from 10
to 1000 nanometers. They are made from various materials,
including polymers (such as nanospheres, nanogels, and
dendrimers), lipids (like lipid bodies), and inorganic materials
(such as silver and gold nanoparticles). Lipid-based carriers are
particularly effective in delivering drugs through the internal
layers of organs. These nanocarriers are ideal for targeting specific
sites in the body while minimizing side effects. Lipid-based
nanoparticles are further classified into Solid SLN and NLC
(Nanostructured lipid carriers) [2, 3]. Both the nano formulations
are prepared by the lipid layers, based on the size, shape,
lamellarity and morphology characteristics, the difference in the
drug delivery kinetics was observed. Nano-structured carrier
systems are advantageous when used particularly to treat
cancerous and neurological disorders, due to their target
specificity and site-specific action at the cellular level. To improve
the bioavailability and stability of the drug, it should be
encapsulated in the nanocarrier systems [4].

Nose-to-brain drug delivery systems are gaining significant attention
to deliver the drug directly to the brain targeting site through the
nasal cavity. Bypassing the blood-brain barrier (BBB) is possible
through the trigeminal and olfactory pathways [5]. Drugs with
shorter bioavailability, like sumatriptan for migraine treatment,
improved their bioavailability by 15% when it is given by the nasal
route. Drugs travel by olfactory epithelium and trigeminal
epithelium routes to reach their nerve endings to deliver the drug
directly to the brain system [6]. The BBB is made with tight
junctions to restrict the entry of outer particles and separate the
brain from other body parts. Molecules with a<150Da (Daltons)
weight and high lipid solubility have access to cross the barrier to
show their effect against central nervous system(CNS) disorders [7].
In the brain, ions are exchanged by transcellular pathways due to the
nonexistence of capillaries and fenestrations. CNS disorders are
ringing alarms in day-to-day life by increasing their death rate by
36.7% from 1991 to 2015 [8, 9]. SLNs have a great mechanism of

transporting the drug particles to reach the target site and show the
desired therapeutic action. Surfactant addition improves the
adhesion property and permeability of the drug particles through
the tight lipoidal junctions for controlled release action [10].
Surfactants with amphiphilic nature are used to reduce the
interfacial tensions and are used in very low concentration (0.5 -
5%). Surfactants are divided into three types based on the
charge present on the surface: anionic, cationic, and Non-ionic.
Non-ionic surfactants are preferred due to their safety profiles,
which promote the stereochemical stabilization of nanoparticles.
Charged surfactants are used for electrochemical stabilization of
the nanoparticles. Cationic surfactants (stearyl amine) are
mainly used in topical preparations due to their affinity towards
the anionic nature of skin. Non-ionic surfactants, such as
Tweens, Spans, Sorbitol esters, poloxamers, esters of stearic
acid, lauric, oleic, and palmitic acids, are frequently used.
Phosphatidylcholines serve as co-surfactants to alter the particle
size characteristics of nanoparticles. Lecithin derived from soy is
more saturated than egg lecithin and is used as an absorption
enhancer.

SLN is named due to the addition of solid lipid content as the main
ingredient. Solid lipids are mainly considered as mono, di, and tri
glycerides, like Compritol, Dynasan, and Softisan (triglycerides with
fatty acid mixture). Fatty acids like stearic acids and cetyl alcohols
promote the lipid layer to accommodate a greater number of drug
particles. Medium chain triglycerides are labrafil (glycerides
associated with PEG-Poly Ethylene Glycols), labrafac (derived from
caprylic acid). Drug release mechanism from the SLN particles is
very important phenomenon to achieve the desired bioavailability of
the drug components, Brust release of the drug particles is observed
to release the particles. Parameters like lipid and drug ratio,
surfactant concentration, and process-related parameters like
temperature. The controlled drug release mechanism was affected
by the release studies of the drug delivery systems. The burst release
mechanism is affected by the solubility of the drug particles in
excipients.
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Fig. 1: Chemical structure of EDN

EDN (3-methyl-1-phenyl-2-pyrazolin-5-one) is a poorly water-
soluble drug with lower bioavailability. The first-pass effect of the
drug limits its bioavailability by oral administration. The
neuroprotective mechanism of the drug is a free radical scavenger to
eliminate hydroxyl radicals, which is the most useful mechanism to
protect the motor nerve damage situation [11]. Patient compliance
for the administration of EDN is very poor due to frequent injections,
and it requires a healthcare professional to meet the drug's
therapeutic needs [12]. The present study describes the need for
EDN nasal delivery of solid lipid nanoparticles suspension to modify
the drug release characteristics by meeting patient compliance in
the treatment of neurological disorders. Nano-sized particle delivery
to the target brain is crosses the BBB barrier with its smaller particle
size (<200 nm), and it can easily be taken up from the nasal mucosa
to travel through the olfactory nerve ending to connect with the
brain. Several regulating agencies are suggesting optimizing the
formulation strategies with the quality by design (QbD) approach to
understand the risk assessment of process and product parameters.

MATERIALS AND METHODS
Materials

EDN, Tween 80, Chloroform, sodium hydroxide, and di-potassium
hydroxide are purchased from SD Fine Chemicals, Hyderabad, India.
Soya-lecithin purchased from Yucca Enterprises, Mumbai. Glyceryl
monostearate was obtained from Coloron Asia, Mumbai, India. All
the other chemicals and solvents were of analytical grade
compounds, and they are used without any purification.

Emulsification and subsequent solvent evaporation

The solvent emulsification and evaporation method was utilized to
formulate the SLN colloidal particles. SLN is prepared by means of
taking 5 to 30% (w/v) of lipid phase and 2-3% (w/v) of emulsifying
agent. GMS was taken in a quantity of 100 mg and added with drug
EDN (4 mg) in the organic phase (2.5 ml) of chloroform. Organic
phase was added dropwise into the aqueous phase of 6 mg
containing Tween80 as a hydrophilic surfactant. The above-
mentioned mixture was homogenized at 12400 rpm for 3 minute get
a coarse 0/W emulsion [13]. This coarse emulsion was subjected to
ultrasonication for 10 min. using a probe sonicator at 45%
amplitude. During sonication, solvent emulsification, and
evaporation, SLNs were precipitated and settled down [14]. All the
formulations were made in triplicate for further characterization
process. While optimizing the dependent variables, other
independent variables are set as constant. The prepared SLNs were
stored at a 4 °C refrigerator temperature [15].

(o(01)]

Optimization of formulation was done by the secondary order level
of study conducted by the central composite study design with two
factors and five levels of study performed by the design expert V13
software trial version of 13.0.5. Two selected independent variables
were studied at five different levels, like -1.414,-1,0,+1,+1.414,
where 1.414 is indicated as the value of Alpha, which is the distance
between the center point and the star point. A total of 13
experimental runs were performed to accelerate formulation
studies, which include four factorial points, four axial points, and five
replicated center points used to assess the data with statistical
significance. The optimized formulation was selected based on a
complete statistically significant analysis by verifying the p-value,
Analysis of Variance (ANOVA) studies, fitness of the model among
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the linear, two-factor interaction, and quadratic analyses due to the
correlation coefficient r?, adjusted r2, and predicted r? as quality
indicators. Larger f-value and p-value less than 0.05 are considered
to be statistically significant formulation [16]. 3D (3-dimensional)
response surface plots explain the interaction between solid lipid
and surfactant and tween 80 molecules. One more criterion to select
the optimized formulation was the desirability function by the
predetermined constraints, like particle size is minimum, EE
Maximum, Drug release Maximum, and Zeta potential within the
range of study. Final optimized formulation used for the evaluation,
stability studies, and in vivo animal model studies to determine the
therapeutic effect of the drug [17].

DoE is used to optimize the formulation with statistical inference.
Response surface methodology is a statistical analysis of the
variables and their effects on the responses. ANOVA tool is used to
analyze the effect of the design, and it is represented with a p<0.05
probability value and a confidence interval 95% [18].

Y = BosX. Xi B1 £ Xi2 B2+ X Xi Xj B3

The above equation reveals the response fit characteristics and the
effect of various independent variables on dependent variables. Bois
the mean value of all the constants of the model, B is the coefficient
of linear relationship of variables, Bzis the coefficient of quadratic
relationship of variables, B3 is the coefficient of variable interactions.
Positive and Negative sign indicates the accelerating and
decelerating of the factor effect on response. Rzvalues and the
adjustable Rag?2 difference indicate the variability between the
model, and this value should be closer to 1. RSM model is a
secondary order design which includes CCD and BBD (Box-Behnken
design). CCD and BBD are two important methods to apply their
principles in optimizing nanoformualtions. CCD includes the two-
level fragmentation effect of factor and the addition of axial points
with the central point to study the response [19]. BBD is a three-
level second-order design of experiments, with the number of
experiments calculated by

N =k (k-1)+Central point. (Here, k is the number of factors)

The desirability function was set by using design of experiments
(DoE) to optimize the formulation with required factors, and the
effect of factors on responses was studied numerically and
graphically. Statistical inference was drawn by calculating the
probability (p). Significant fit models are having p value<0.01 or
p<0.05, and a confidence interval 99% or 95%. The mean square
deviation is calculated in the ANOVA table to finalize the fit model.
All the values should be expressed in mean+SD (Standard Deviation)

Characterization of SLNs
Physicochemical characterization

Morphology of the SLN particles was examined using a transmission
electron microscope (TEM) (by taking the freshly prepared
nanoparticles in a copper grid box, and it was air dried at room
temperature. Negative staining with 1% uranyl acetate to improve
the contrast and observe under TEM. The particle size and size
distribution were analyzed by using Zetasizer at 25 °C.

Compatibility studies

Fourier transform infrared spectroscopy (FTIR): The FTIR spectra of
pure EDN, Excipients, and optimized formulations were recorded in
the region of 4000-400 cm-1 (FTIR Spectrophotometer, Jasco-
Japan). The transparent pellets of these samples were prepared by
the pressed pellet technique (potassium bromide), and the recorded
spectra were interpreted for the possible chemical interactions.

Differential scanning calorimetry (DSC): The temperature difference may
be due to the change in their melting point, % weight change,
vaporization temperature, and enthalpy. The interaction of the pure drug
with the excipients might cause a shift in the thermogel due to the
change in the physicochemical properties. Thermal analysis of the
optimized formulation, the Blank formulation, and the optimized
formulation was performed by a Differential Scanning Calorimeter
DSC2A-02306. The samples (5 mg) were enclosed in an aluminium pan
and heated at a rate of 33-265 °C for Blank SLN, gradually increased to
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33-300 °C for EDN, and Optimized formulation in atmospheric nitrogen
(50 ml/min flow rate) at a stable increment rate of 10 °C/min.

PDI

PDI value calculation is carried out by the SPAN index. % cumulative
frequency of particle Vs means size of particles plotted to find the
diameter at 90%, 50% and 10% undersized particles [20].

SPAN Index =22~ 410
ds0

d90-diameter of a 90% undersized particle.
d10-diameter of a10% undersized particle.
d50-diameter of a50% undersized particle.
Encapsulation efficiency

Drug entrapment efficiency was calculated based on the mechanism
of how much drug substance is entrapped in the nanostructures is
determined by the various analyzing techniques like UV-Visible
spectrophotometer and HPLC. An ultra-ultracentrifuge with cold
temperature is used to separate the unentrapped drug from the
nanoparticles. A gel chromatographic column with Sephadex G-50
was used to separate the free drug, and it was simultaneously
analyzed by HPLC (High-performance liquid chromatography).

The amount of drug entrapped in carrier *100

o - -
% EE (Entrapment EfflCIenCY) Total amount of drug taken

After several equilibrations with the suitable solvent, the final
amount of free drug was calculated for the EE estimation.

Zeta potential

Surface charge of the nanoparticles was measured by using the
Zetasizer at 25 °C.

In vitro drug release studies

The in vitro drug release from the SLN formulation was performed
using Franz diffusion cells with an effective diffusion area of 3.14
cm?. A dialysis membrane with a molecular weight cut-off of 12-14
kDa was mounted between the donor and receptor compartments.
The receptor phase consisted of phosphate-buffered saline (PBS)
(pH 7.4) maintained at 37 °C with continuous stirring. Sink
conditions were validated by ensuring the drug concentration in the
receptor medium remained below 10% of its saturation solubility.
Aliquots of 1 ml were withdrawn at predetermined intervals with
immediate replacement of fresh medium to maintain volume.

Statistical treatment

All the data points are collected as mean+SD values. The test group
and standard group were compared with a t-test and ANOVA at the
level of p<0.05 to estimate the statistical significance.
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Calibration curve

A calibration curve was plotted for the drug sample at various
concentration levels with a suitable solvent based on the solubility
of the drug. The prepared concentrations were analyzed for the drug
sample by using a UV-Visible spectrophotometer. A graph was
plotted by taking concentration on the Y-axis and absorbance on the
X-axis. The correlation coefficient R was determined based on the
linearity of the curve.

Nanoparticles are quantified based on various characteristics like
particle size, PDI, EE, and Drug loading capacity. How the drug is
solubilized by the lipid matrix is an important consideration for
formulating nanoparticles with good quality. Drug loading is the
primary parameter to estimate the drug amount present with
respect to the lipid weight [21].

In vivo studies
Methodology
Acute toxicity testing of EDN nano-sized particles in wistar rats

The toxicity investigation was performed on healthy albino Wistar
rats weighing 150-200 g. (Animal ethical committee approval
obtained from CMR College of Pharmacy, Hyderabad, with the
approval no. CPCSEA/1657/IAEC/CMRCP/COL-24/143). After
procurement, animals are acclimatized for at least 3-7 d. Typical
environmental conditions include: Temperature: 22 + 2 °C; Relative
Humidity: 50-60%; Light/Dark Cycle: 12h/12h; Housing:
Polypropylene cages with sterilized paddy husk bedding; Diet:
Standard pellet diet and water ad libitum to minimize stress before
experimentation. They were given a typical pellet feed and given ten
days to get used to the conditions in the lab. Two groups of five rats
each were randomly selected from a total of ten animals. The second
group was given a daily oral dose of EDN solid lipid nanoparticle at a
dose of 2g/kg body weight, while the control group was given
regular saline water. The first two hours following medication
delivery were characterized by normal behaviors and toxicity
indicators. After 24 h, the existence and absence of tremors and
convulsions were finally observed and documented [22].

Five groups of five rats each were randomly assigned to one of the
following five groups: Scopolamine (2 mg/kg), Scopolamine (2
mg/kg)+DP (Donepezil) (5 mg/kg, p. o. (per oral)), Scopolamine (2
mg/kg)+ENP(2 mg/kg, IN), and Scopolamine (2 mg/kg)+ENP (4
mg/kg, IN) [23-25]. From the first to the fourteenth day of the trial,
the rats received intranasal ENP. From day 8 to day 14, 30 min after
the various treatments, scopolamine was given intraperitoneally to
all groups except the control group. After that, behavioral tests were
carried out, such as the Y-maze and the Morris water maze. In the
end, the animals were sacrificed.

Table 1: Details of animal study to depict the day-to-day activity of in vivo behavioural studies

S. No. Day Event

1 0-5 Daily administration of various doses of drugs for 15 d

2 5-7 Training trials

3 8 Scopolamine is given in the Peritoneal route.

4 11-14 Behavioral studies

5 15 Sacrifice of an animal.

Y-maze test the testing time. Furthermore, the proportion of alternation was

Rats with minor alterations were used to test short-term memory
via spontaneous alternation behavior. In brief, each animal was
positioned at one end of the wooden "Y" maze and allowed to
explore for eight minutes. A visual record was made of the number
of arm series entries, including potential returns into the same arm.
Rats on overlapping triplet sets were utilized to test the alternation
by entering each arm one after the other. An hour before the test, the
rats received their respective medications. Between studies, the
arms were thoroughly cleansed to eradicate any remaining odors. It
was determined how many arm entries there were overall during

calculated using the following formula:

Percentage of alternation

Number of alternations
100

= *
(Total number of arm entries — 2)
Morris water maze test

The Morris water maze test, with minor changes, was used to assess
memory and spatial learning [26, 27]. The experimental setup
included a cylindrical water tank filled with water up to 15 cm deep
and made opaque by adding titanium oxide at 28 °C. The platform
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was positioned inside the tank, with the top 3 cm below the water's
surface in the maze's target quadrant. Following that, the pool was
divided into four quadrants that were evenly spaced. Before
training, the animals were not permitted to swim in the pool. For
every training exercise, the amount of time it took to reach the
hidden platform was noted. Four trial sessions spanning six days
(days 9-14) following scopolamine injections were used to measure
the time it took to reach the platform. Averaging the total amount of
time spent in each of the four trials each day allowed for the
calculation of latencies. It was also noticed that rats were frequently
unable to discover the platform. Furthermore, on days 11 and 14,

2.5

15

Absorbance

05 e

0 20 40

60
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the platform was removed from the water tank (30 min after the
previous trial), and the rat was given 60 seconds to locate it as part
of a spatial memory probing test. It was calculated how much time
was spent in the specified quadrant.

RESULTS AND DISCUSSION
Calibration curve

A standard calibration curve was plotted between EDN
concentration in (pg/ml) and the absorbance in PBS of pH 7.4
solution. R? regression coefficient value observed as 0.9994.

-'.
. ’ y =0.0247x
e R?=0.9994
80 100 120

Concentration (pg/ml)

Fig. 2: Calibration curve of EDN

Drug and excipient compatibility studies
FTIR studies

FTIR studies were conducted as per the specifications mentioned in the
methods column. Significant peaks of EDN observed at wavelength 1094
cmt, 1457 cml, 2361 cm?, 2914 cm! present in formulation. All the
peaks present in the drug are represented in the formulation of SLN.

DSC studies

DSC is considered a thermal analysis process, used to find the purity,
polymeric forms, and melting point of the sample in Drug discovery
studies. Thermo gs are plotted between temperature and heat flow
parameters. Tm is the temperature at which the maximum heat
capacity of the sample is T onset is the temperature at which the
transition takes place, T end set is the temperature at which the
transition ends at a particular heat flow. As the temperature
increases, with gradual input, make changes in the sample, and it
will be represented by the thermal peak plot with the absorbing or
releasing energy levels (endothermic or exothermic). The area
under the peak plot is calculated as the enthalpy of the transition
[28]. SLN formulation with lipids and drug shifted its thermal peak
to maintain the correlation of the Drug and lipid forms.

TEM analysis

The QbD approach to optimize the SLN formulation maintains the
high-quality standards as per the USFDA (United States of America-
Food and Drug Administration) guidelines in formulation
development. Statistical intervention in formulation development is
a strategic pathway to get a universally acceptable conclusion. In this
study, QbD-based DOE software version 10.0.0.3 (State-ease Inc.,
USA) is used to finalize the solid lipid and emulsifier concentration
to get the desirable results. Responses include particle size (Y1), PDI
(Y2), EE (Y3), zeta potential (Y4), and Drug release (Y5) are studied
for the improvement of drug delivery to the brain through the nasal
route of administration. Optimization of lipid composition is very
much essential to modify the drug penetration into the nasal
epidermal layers to cross the BBB layer [29]. Various techniques for

making SLN formulation are screened, and finally, two methods are
selected, with one method confirmed based on the particle size and
entrapment efficiency. Solvent emulsification and evaporation are
the final confirmed methods to develop the SLN formulation. Here,
surfactant plays a key role in structural modification of the prepared
particle, based on the HLB (Hydrophilic Lipophilic Balance) scale, of
surfactant phase transition takes place to improve the entrapment
efficiency. A higher HLB value may reduce the Entrapment efficiency
of the nanoparticles. So, by keeping the fundamentals in mind, the
selection of excipients was done to modify the primary descriptors
of the formulation prospects. Lipid-based excipients are used to
improve the solubility of the drug to easily penetrate into the
epidermal layers of the nose region. Organic solvents cause toxic
effects on the formulation preparation when it is used for
therapeutic purposes. To avoid such types of adverse effects, the
solvent is completely evaporated by the Rota flask evaporator and
the sonication method. By the study of standard literature survey
process variables like temperature, sonication time, stirring
time/homogenization time were selected, and it was confirmed by
some trial versions of the study. Each experimental part was
conducted in triplicate to get the desired effects on responses. Each
and every response study for statistical interventions of the effect of
independent variables with linear/quadratic equations, 3D contour
plots, and ANOVA. Probability values less than 0.0500 were
considered statistically significant.

In nose-to-brain delivery of SLN particles, particle size should play a
key role in therapeutic effect by crossing the BBB. Less than 200 nm
particles cross the olfactory channels to enter the brain's systemic
circulation. Critical quality attributes of the present study include
particle size and monodispersity of the particles. For improved
absorption of the SLN particles, minimum particle size, less PD],
High entrapment efficiency, and lower zeta potential values are
considered as the Critical Quality Attributes (CQA) of the present
study. Robustness of the formulation study includes establishing a
functional relationship between CQA and Critical Measurement
Attributes (CMA) [30].
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Solvent evaporation and high-pressure homogenization methods are with the solvent evaporation technique. Particle size and PDI values
compared with the CQA parameters to finalize the method of SLN are expressed in mean+SD (n=3), with p<0.05 indicating statistically
preparation. The data mentioned in Table2indicate that lower significant. Hence, further investigations are carried out with the
particle size and higher entrapment efficiency results are observed solvent evaporation techniques as per the literature [31].
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Fig. 3: FTIR peaks of the drug (A) and excipients (B) along with the (C) SLN formulation
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Fig. 4: DSC Thermograms of the drug, excipients, and SLN formulation. (X-axis represents Temperature, Y-axis represents Heat flow)

Fig. 5: TEM image of ENP formulation, # nm= nanometres

Table 2: Comparative studies of the formulation techniques based on particle size, PDI, and EE

S. No. Formulation Method Particle size (nm) PDI Entrapment efficiency
1 SLN-E Solvent Evaporation 321%11.6 0.311+0.11 51+4.2
2 SLN-H Homogenization 275£7.5 0.289+0.10 69£2.6

#All the values represented in mean+SD (where n=3)

297



Ch. Bhavani, P. Balaji
Int ] App Pharm, Vol 18, Issue 1, 2026, 292-305

Various process parameters like temperature, stirring speed, and process parameters to calculate the CQA with the solvent
sonication time are finalized by the melting point of lipids, i. e., 58-60 evaporation technique. Design expert software with the build
°C. Stirring speed of 12400 RPM as per the literature, and the information of response surface randomized CCD with 13 runs in no
sonication time was decided by the measurement of particle size and blocks was performed to maintain the quality of formulation
PDI as 5 min. The present study was carried out with the finalized development.

Table 3: Response surface design with coded and actual values of the independent variables

S. No. Formulation code Coded values Actual values
Lipid Surfactant Lipid Surfactant

1 ENP1 0 0 100 6

2 ENP2 0 0 100 6

3 ENP3 +1.414 0 170.711 6

4 ENP4 -1.414 0 29.2893 6

5 ENP5 0 0 100 6

6 ENP6 0 -1.414 100 3.17157
7 ENP7 -1 -1 50 4

8 ENP8 0 +1.414 100 8.82843
9 ENP9 0 0 100 6

10 ENP10 -1 +1 50 8

11 ENP11 +1 -1 150 4

12 ENP12 +1 +1 150 8

13 ENP13 0 0 100 6

#ENP-Edaravone Nanoparticles; +a =+1.414 and-a =-1.414

Table 4: Response surface quadratic model for responses of (a) Particle size (b) PDI (c) Entrapment Efficiency (d) Zeta potential (¢) Drugrelease

(@) Response (Y1) - Particle Size, ANOVA for response surface Quadratic model, Partial sum of squares-type III

Source Sum of squares Df Mean square F-value p-value

Model 30895.34 5 6179.07 8.29 0.0075 Significant
A-Glyceryl Monostearate 2017.21 1 2017.21 2.7 0.144

B-Tween 80 851.25 1 851.25 1.14 0.3208

AB 1090.65 1 1090.65 1.46 0.2658

A? 23735.49 1 23735.49 31.83 0.0008

B? 1295.75 1 1295.75 1.74 0.229

Residual 5220.49 7 745.78

Lack of Fit 4300.16 3 1433.39 6.23 0.0547 not significant
Pure Error 920.33 4 230.08

Cor total 36115.83 12

#df = degree of freedom, f-value = f statistics, p-value = Probability value.

(b) Response (Y2) - PDI, ANOVA for response surface quadratic model, Partial sum of squares-type III

Source Sum of squares Df Mean square F-value p-value

Model 0.0052 5 0.001 9.43 0.0051 Significant
A-Glyceryl Monostearate 0 1 0 0.2586 0.6267

B-Tween 80 0.0002 1 0.0002 19 0.2105

AB 0.0003 1 0.0003 2.93 0.1304

A? 0.0042 1 0.0042 37.74 0.0005

B? 0.0002 1 0.0002 1.59 0.2476

Residual 0.0008 7 0.0001

Lack of Fit 0.0005 3 0.0002 2 0.2558 not significant
Pure Error 0.0003 4 0.0001

Cor total 0.006 12

#df = degree of freedom, f-value = f statistics, p-value = Probability value.

(c) Response (Y3) - EE, ANOVA for response surface Quadratic model, Partial sum of squares-type III

Source Sum of squares Df Mean square F-value p-value

Model 938.97 5 187.79 12.99 0.002 Significant
A-Glyceryl Monostearate 0.2996 1 0.2996 0.0207 0.8896

B-Tween 80 60.99 1 60.99 4.22 0.0791

AB 65.85 1 65.85 4.55 0.0703

A? 727.11 1 727.11 50.28 0.0002

B? 31.45 1 31.45 2.18 0.1838

Residual 101.22 7 14.46

Lack of Fit 55.88 3 18.63 1.64 0.3142 not significant
Pure Error 45.34 4 11.34

Cor total 1040.2 12

#df = degree of freedom, f-value = f statistics, p-value = Probability value.

298



Ch. Bhavani, P. Balaji
Int ] App Pharm, Vol 18, Issue 1, 2026, 292-305

(d) Response (Y4) - Zeta potential, ANOVA for response surface Quadratic model, Partial sum of squares-type III

Source Sum of squares Df Mean square F-value p-value

Model 1065.53 5 213.11 443 <0.0001 Significant
A-Glyceryl Monostearate 2.02 1 2.02 0.4197 0.5377

B-Tween 80 53.72 1 53.72 11.17 0.0124

AB 89.87 1 89.87 18.68 0.0035

A? 865.49 1 865.49 179.91 <0.0001

B2 12.09 1 12.09 2.51 0.1569

Residual 33.67 7 481

Lack of Fit 15.24 3 5.08 1.1 0.4455 not significant
Pure Error 18.43 4 4.61

Cor total 1099.2 12

#df = degree of freedom, f-value = f statistics, p-value = Probability value.

(e) Response (Y5) - Drug release (%), ANOVA for response surface Quadratic model, Partial sum of squares-type III

Source Sum of squares df Mean square F-value p-value

Model 1270.75 5 254.15 11.99 0.0025 Significant
A-Glyceryl Monostearate 0.0006 1 0.0006 0 0.9958

B-Tween 80 77.5 1 77.5 3.66 0.0974

AB 90.25 1 90.25 426 0.0779

A? 1046.04 1 1046.04 49.37 0.0002

B? 10.65 1 10.65 0.5028 0.5012

Residual 148.33 7 21.19

Lack of Fit 83.13 3 27.71 1.7 0.3038 not significant
Pure Error 65.2 4 16.3

Cor total 1419.08 12

#df = degree of freedom, f-value = f statistics, p-value = Probability value.

The contour plots and 3D surface plots for particle size, PDI, EE, zeta surfactant concentration [31, 32]. Surfactant concentration
potential, and Drug release were shown in fig. 2. The particle size of appreciation reduces the surface tension and stabilizes the newly
the SLN formulation was reduced with the increase in lipid and formed lipid layer formulation to minimize the particle size [33].
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Response surface method of SLN provides a way to identify the
optimized formulation with the desirable constraints. All the

Int ] App Pharm, Vol 18, Issue 1, 2026, 292-305

formulations were studied for the particle size, PDI, EE, Zeta
potential, and Drug release.

Table 5: ENP-CCD formulation runs with factors and their response values.

ENP-CCD Response surface method of design of experiment

Run A: GMS B: Tween 80 Particle size PDI Entrapment efficiency Zeta potential Drug release
Mg Mg Nm index % mEV %
1 100 6 175+0.11 0.217+0.01 77.84+2.4 -15.76+0.01 74%1.1
2 100 6 153+0.3 0.207+0.02 83+3.1 -18.46x0.02 81+2.5
3 170.7107 6 241.24+0.9 0.253+0.1 61£2.3 4.32+0.1 56+3.1
4 29.28932 6 351+0.3 0.275+0.06 57.35%#3.1 7.36x0.2 51£2.0
5 100 6 188+0.4 0.229+0.1 75£2.0 -17.360.5 78+1.9
6 100 3.171573 141+0.2 0.199+0.2 87+2.5 -21.23+0.5 84+3.2
7 50 4 182.98+0.1 0.225+0.3 76.34+1.6 -13.87+0.1 72+2.6
8 100 8.828427 163+0.5 0.211+0.1 80.75%1.9 -16.98+0.1 77%2.1
9 100 6 191.81+0.5 0.227%0.002 74.57+2.4 13.09+£0.11 71+1.5
10 50 8 241.71+0.7 0.255+0.007 61.6x2.9 2.97x0.12 55+1.2
11 150 4 230.1+0.8 0.251+0.004 64.87+3.2 -4.25+0.08 59+2.1
12 150 8 222.78+0.3 0.245+0.4 66.36+2.02 -6.37+0.09 61+1.14
13 100 6 177+0.4 0.219+0.5 77.12+1.23 14.54+0.03 73+1.18
#mEV-milli electron volts; Nm-nano meter; GMS - Glyceryl monostearate, *All the values are represented as mean+SD (where n=3).
Table 5: Dependent and Independent variables and their coded values in CCD

Independent variables Symbol Levels

-a -1 0 +1 +a
GMS A 29.28 50 100 150 170.71
Tween80 B 3.17 4 6 8 8.82
Dependent variables Units Constraints
Particle Size Nm Minimum
PDI Index Minimum
EE % Maximum
Zeta potential mEV Within the range
Drug release % Maximum

Particle size falls between 141-241.74 nm range as per the present
study, the polynomial equation reveals that the surfactant has a
significant positive effect when compared with the GMS. Tween80
concentration increase may be indicated by a decrease in particle
size, clearly by the positive sign. PDI values also reveal no effect of
GMS at low levels. Surfactant has a positive, low-level effect with an
increase in concentration. The coefficient of determination (R?) and
adjusted (R?) values are calculated as 0.855 and 0.795, respectively
7% noise was identified in the model. The value of CV (coefficient of
variation) is an estimation of SD and mean values, also indicating the
(4.89) precision and reliability of the model. A lower CV value
suggests less dispersion around the mean, indicating greater
accuracy and reliability in the data or model estimates [34].

ANOVA F-value indicated as p-value less than 0.05, which is
significant. The lack of fit F-value is 6.23, and p>0.05, which is not
substantial. Hence, the polynomial equation is fitted to the model for
particle size (refer table no.4). PDI statistical ANOVA values are
represented in table 3(b) to depict the model f-value and p-value
(9.43 and 0.005), and the lack of fit f-value is 2 and p-value is 0.2558
(p>0.05), which is not significant [35]. When an ANOVA F-value
yields a p-value less than 0.05, it indicates a statistically significant
difference among group means, suggesting the model is significant.
Conversely, a lack of fit F-value with p>0.05 is considered not
substantial, meaning there is no evidence that the model fails to
adequately fit the data. Therefore, in this situation, the polynomial
equation is considered suitable for modelling particle size, as the
overall model is significant, and the lack of fit is not [36].

A polynomial equation for responses like particle size is

Particle size =189.5171 - 3.99981 A+62.61379 B-0.16513
AB+0.023365 A2-3.41197 B?

Polynomial equation for the PDI is

PDI=0.206889 - 0.00146 A+0.026636 B-0.00009 AB+9.79E-06A2-
0.00126 B?

Three-dimensional response surface plots are drawn between GMS,
Tween 80, and Particle size, representing the interaction of the GMS
and Tween 80 as particle size decreases with the increase in GMS,
and a less significant effect of Tween 80 is registered. The above
indication was confirmed by the contour plots alignment (fig. 5
represents the variables 3D and contour plots) [37, 38].

Entrapment efficiency is the major constraint to show the possible
drug loading effect in the SLN formulation to show the therapeutic
effect. F-value of the model is 12.99 and p-value is 0.002, which is
significant. As the surfactant shows a higher effect than GMS as per
the polynomial equation value. Surfactant hurts EE that is as the
surfactant concentration increases, EE reduces in nature. 3D and
Contour plots specify the nature of ingredients' effect on formulation
constraints. In a regression equation, a positive coefficient for a
factor indicates that the response variable increases as the factor
increases, whereas a negative coefficient suggests that the response
decreases with an increase in that factor [38].

Polynomial equation for the Entrapment efficiency

EE = 88.76422+0.57057 A-11.8172 B+0.040575 AB-0.00409 A2-0.531594 B2
The polynomial equation for the Zeta potential is

Zeta potential =-18.3-0.617 A+9.9907 B-0.0474 AB+0.004462 A2- 0.3295B2

For the zeta potential response, there is a significant positive effect of
surfactant, i. e, increasing surfactant concentration leads to higher
potential charge generation, and GMS has a low level of negative effect.

Drug release studies are showing the f-value of 11.99 with p<0.005
is significant. Lack of fit has 1.7 f-value and p>0.005 shows not
significant. Polynomial equation depicts the negative effect of
surfactant when comparing with the GMS. DR increased with the less
amount of surfactant concentration. 3D and Contour plots reveal the
suggested decision to conclude the remarks.

Polynomial Equation for the Drug release is

Drug release = 75.30704+0.6961 A-10.01 B+0.0475 AB - 0.0049 A2-0.3093 B2
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Table 7: Desirable properties of variables and constraints
Number GMS Tween 80  particle size  PDI EE Zeta potential Drug release  Desirability
1 92.023 4 154.384+0.23  0.209+0.02 82.811+0.23  -20.144+0.001 80.194+1.2 091
2 92.43 4 154.242+0.1 0.209+0.01 82.803+0.34  -20.138+0.02 80.187+2.2 0.909
3 93.422 4 153.927+0.2 0.209+0.01 82.776+£0.45 -20.116+0.03 80.161+1.2 0.909
4 95.085 4 153.501+0.3 0.209+0.02 82.713+£0.32  -20.06+0.04 80.097+£2.5 0.908
5 110.887 8 169.346+0.23  0.219+0.001 77.228+0.35 -15.182+0.04 73.98+1.4 0.751
6 109.852 8 169.515+0.11  0.219+0.02 77.236+0.36  -15.169+0.04 73.987+0.23 0.751

#All the values represent in Mean+SD (where n=3). The desirable plots were drawn to show the actual and predicted values. This characterization
may enhance the outcome of the optimization to select the best formulation with desirable properties.

Acute toxicity testing of EDN in wistar rats showed no signs of lethargy, toxicity, or aberrant behavior. Since the
ED5O0 is often defined as being 10% of the LD50, the ED50 of EDN NPs

EDN were shown to be non-toxic in an acute oral toxicity study was determined to be 2 mg/kg and 4 mg/kg for the investigation. The

following OECD guidelines 423. Animals given 2000 mg/kg of EDN results of the studies conducted on rats are included in table 7.

Table 8: Acute toxicity study of ENPs at a dose of 2000 mg/kg

Parameters 1sth 2ndh 3rdh 4thh
Piloerection - - - -
Edema - - - -
Urine stains - - - -
Alopecia - - - -
Loss of writhing reflux - - - -
Circling - - - -
Nasal sniffing + + + +
Lacrimation - - - -
Seizures

Righting reflex

Grip strength

Eye closure at touch
Rearing

Straub tail - - - -

+ o+ + 4
+ o+ o+ o+
+ o+ o+ o+
+ o+ + 4

+=Present/affected,-=Absent/not affected

Table 9: Protective effect of ENP on scopolamine-induced memory and behavioral

Group Drug treatment % Alternation
I Control 69.3+5.00

II Scopolamine 24.5+3.39«

I Donepezil 61.3+£5.682

v ENP-Low 44.83+3.812

)4 ENP-High 53.5+4.412

Impairment in the Y-Maze test
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% alternation

Fig. 8: Protective effect of ENP on scopolamine-induced memory and behavioral impairment in the Y-maze test, #Bars with "a" are

significantly different from the control, #Groups labeled only "a" are not significantly different from each other.
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Fig. 9: Effect of ENP on the acquisition of spatial memory by the morris water maze test, #For each session, Scopolamine bars marked a
are significantly different from control and other groups, #within each session, bars marked a, b, c indicates which groups' escape latency
times are significantly different from others, #If bars share a letter, their means are statistically similar for that session

Table 10: Effect of ENP on retention of spatial memory by Morris water maze.

Group Drug treatment Probe trial

)| 11
I Control 52+5.21 58+6.1
11 Scopolamine 74+6.7¢ 86+5.4¢
11 Donepezil 57+4.82 64+5.72
I\% ENP-Low 61£3.9¢ 63+3.5¢
\' ENP-High 59+2.8b 55+4.7b

#All the values represented in mean+SD (where n=3)

100- a

@ Control
804 @ Scopolamine
@ Donepezil
60+ @ ENP-Low
@ ENP-High

Escape latency (Second)

Fig. 10: Effect of ENP on retention of spatial memory by morris water maze, #For each session, scopolamine bars marked a are
significantly different from control and other groups, #Within each session, bars marked a, b, c indicate which groups’ escape latency
times are significantly different from others, #If bars share a letter, their means are statistically similar for that session
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Using the Y-maze test to record the rats' spontaneous alternation
behavior, researchers looked at how ENPs affected their spatial
working memory. In this study, the behavioral alteration score of
24.5+3.39% was considerably lower in the scopolamine (2 mg/kg)
treatment group compared to the control group's 69+5.00%.
Compared to the scopolamine group and the control group, the ENP-
treated groups significantly increased the spontaneous alternation
(44.83+3.81% for low dosage and 53.5+4.41+2.84% for high dose,
respectively) (fig. 9). Rats given scopolamine showed much more
locomotor activity than the control group. Using ENP significantly
reduced the number of augmented arm entries. These results
suggest that ENP may reduce the locomotor activity generated by
scopolamine. Consistent with previous research, this study found
that scopolamine-treated rats exhibited less spontaneous change
behavior compared to control rats [31].

Morri’s water-maze test was used to investigate ENP's influence on
memory enhancement as well. The animals were trained in four daily
attempts to find the platform. The acquisition study ran for six days
before scopolamine injection. Recorded as escape latency in seconds,
their spatial learning scores were the findings of the experiment,
indicating that the scopolamine-administered group showed a notable
drop in escape latency relative to the control (fig. 10).

The rats underwent the spatial probe experiment on day 11, 24 h
after the fourth training session, to assess their recall of the
platform's location. The average duration in the target quadrant (i.
e., percentage of time spent in the quadrant containing the target
platform) was significantly reduced in the scopolamine-treated rats
compared to the vehicle control during the acquisition trial. ENP low
and high dose therapy significantly increased the duration spent in
the target quadrant compared to those treated alone with
scopolamine. The rats underwent an additional spatial memory
probing experiment on day 14, 24 h after the last training session.
The data indicated a significant difference between the vehicle
control and the scopolamine-treated rats; however, it was
equivalent to the results of the initial probe session. Furthermore,
the rat administered ENP far surpassed the one treated alone with
scopolamine. Scientific studies indicate that cholinergic dysfunction
is a primary pathogenic process occurring in the neocortex and
hippocampus, regions of the brain that govern learning, memory,
and behavior. The results of the behavioral investigation indicate
that ENP therapy dosage-dependently reduced the scopolamine-
induced deficits in memory and recall in the rat brain.

CONCLUSION

SLN formulations are the most favorable novel drug delivery systems
to deliver the drug through the nasal route of administration to
improve the brain delivery of EDN. The reduced particle size of less
than 200 nm is required to cross the olfactory channels in the nose, the
nose-to-brain delivery pathway, and it was achieved by the
formulation showing GMS (93.422 mg) and Tween 80 (4 mg). The
other parameters were also optimized by the observations drawn in
favor of the design of experiments. In vivo studies reveal data related
to the improvement in behavioral activities.

ABBREVIATIONS

SLN-Solid Lipid Nanoparticles, CCD-Central Composite Design, DoE-
Design of Experiments, EE-Entrapment Efficiency, EDN-Edaravone,
PDI-Polydispersity Index, NLC-Nanostructured lipid carriers, BBB-
Blood-brain barrier, QbD-Quality by Design, CNS-Central nervous
system, GMS-Glyceryl monostearate, ANOVA-Analysis of Variance,
FTIR-Fourier Transform Infra-red, DSC-Differential Scanning
Calorimetry, Nm-Nanometer, DR-Drug release, mEV-Milli Electro
volte’s, PBS-Phosphate buffer saline, SD-standard deviation, CMA-
critical Measurement attributes, ENP-Edaravone nanoparticle, RMP-
Revolutions per minute.
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