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1. Introduction

Migraines impose a substantial burden on patients and healthcare systems due to their high
prevalence, disabling symptoms, and the limitations of existing therapies, which often provide in-
complete relief or are associated with tolerability issues. Zavegepant, a third-generation calcitonin
gene-related peptide (CGRP) receptor antagonist, offers distinct advantages including rapid onset of
action, favourable safety profile, and efficacy in patients who may not respond well to triptans or oral
medications. The rationale for developing an intranasal mucoadhesive microemulsion formulation of
Zavegepant lies in its ability to bypass gastrointestinal absorption, ensure faster drug delivery
through the nasal mucosa, and enhance bioavailability while minimizing systemic side effects, there-
by addressing unmet needs in acute migraine management. Global statistics reveal that migraines
affect nearly 1.2 billion people worldwide, ranking as the second leading cause of disability. This
widespread condition significantly undermines both quality of life and work productivity, highlight-
ing its profound social and economic consequences [1]. In America, migraine-related fiscal costs are
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not inconsiderable and reach more than $ US 78 billion annually due to health costs, lost workdays
and reduced productivity at work. When it comes to current migraine therapy, oral medications are
the mainstay, but they are plagued by such problems as poor bioavailability and delayed onset, as
well as gastrointestinal upset during migraine attacks [2]. Most medications for mouth pain deliver
limited relief, often forcing patients to consume larger doses and exposing them to increased risks of
side effects [3]. Results from studies indicate a rapidly rising prevalence of migraines, especially in
young adults and women and hence the need for developing effective treatment approaches which
will leave the patient symptom-free in no time and which will cause minimal systemic side effects [4].
The creation of novel pharmacological agents targeting unique migraine pathophysiology has proven
to have a vast potential to promote the development of more effective tools to address these unmet
medical demands [5].

Zavegepant has been approved by the United State food and drug administration as an intrana-
sal spray for the acute treatment of migraine in adults. [6]. The intranasal formulation of zavegepant
provides rapid therapeutic response within 15 — 30 minutes that demonstrates improved bioavailabil-
ity as against oral formulation [7]. Through competitive antagonism of CGRP receptors within the
trigeminal ganglia and brainstem nuclei, Zavegepant disrupts the inflammatory sequence critical to
migraine pathophysiology [8]. Research on zavegepant has confirmed its superior efficacy in treating
acute migraine, while demonstrating minimal systemic absorption. This pharmacological profile sug-
gests a potential advantage in reducing the cardiovascular adverse effects commonly associated with
established triptan medications and studies on zavegepant suggest it is effective in treating acute mi-
graine with limited systemic absorption. This property may reduce the risk of cardiovascular side
effects often linked to triptan medications. However, further clinical evidence is needed to fully estab-
lish these advantages [9, 10]. The objective of this study is to develop and optimize a mucoadhesive
microemulsion of Zavegepant that is targeted specifically for nasal delivery and which demonstrated
both rapid efficacy and enhanced bioavailability as compared to existing oral forms of the product.
Important objectives include in-depth examination of surfactant formulations, determination of the
most effective mucoadhesive polymer load for enhancing nasal dwell, and strong assessment of phys-
icochemical tests of in vitro drug passage through simulated nasal mucosal surfaces will be performed
in vitro. The targeted achievements are a stable, biocompatible microemulsion, superior to existing
standards in pharmacokinetics and therapeutic action and thus capable of overturning current acute
migraine prescriptions [11-13].

2. Materials and Methods

2.1. Materials

Zavegepant (pharmaceutical grade, purity >99%) was procured from Sciquaint Innovations (Pu-
ne, India); Labrafil M 1944 CS (pharmaceutical grade, medium-chain triglyceride) from Gatte fosse
(Mumbai, India); Brij 35 (pharmaceutical grade, HLB 16.9) and Polyethylene Glycol (PEG) 400 (phar-
maceutical grade, Molecular weight 380-420 Dalton) from Neeta Chemicals (Pune, India); Gellan gum
(pharmaceutical grade, low acyl) from Sciquaint Chemicals (Pune, India); Methanol (HPLC grade,
>99.9%) and Potassium bromide (IR grade, 299%) from Merck Life Science (Mumbai, India); Goat na-
sal mucosa was freshly obtained from a local slaughterhouse (Pune, India); Dialysis membrane
(MWCO 12,000-14,000 Da) from HI Media Laboratories (Mumbai, India). All other chemicals and rea-
gents used were of analytical grade and obtained from standard laboratory suppliers.

2.2. Methods

2.2.1. Calibration Curve of Zavegepant

To determine drug concentration, a calibration curve was obtained for Zavegepant using Ultra-
violet (UV) spectrophotometric methods. The stock solution of zavegepant of 1000 pg/mL was pre-
pared by dissolving 10 mg of the compound in 10 mL pure methanol. A set of dilutions was per-
formed using double distilled water in order to provide a range of concentrations of 10-60 pg/mL.
Measurement was made by Shimadzu UV-1800 (Kyoto, Japan) UV-Visible spectrophotometry at 280
nm wavelength. Each sample was analysed three times with baseline adjustment to the blank solvent.
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Microsoft Excel was used to establish a linear regression equation to ascertain the linearity of data.
Results were tabulated in mean + standard deviation [14-16]. Figure 1 shows calibration curve of
zavegepant in methanol.
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Figure 1: Calibration curve of Zavegepant.

2.2.2. Fourier Transform Infrared Spectroscopy Analysis

Study of functional groups and assessment of drug-excipient interactions was done using Fouri-
er Transform Infrared spectroscopy. In combination, 5 mg Zavegepant, each of the individual excipi-
ents, and the physical mixture were mixed with 100 mg of potassium bromide in the infrared grade
powder. Thin pellets were obtained through the application of 10 tons pressure 2 minutes to the mix-
ture with the aid of Specac Hydraulic press. Transmission mode Fourier-transform infrared spectros-
copy (FTIR) spectra were acquired utilizing Bruker Alpha II FTIR spectrometer (Bruker, Massachu-
setts, USA) for the samples. Fourier transform spectra were obtained throughout the wavenumber
region 4000-400 cm™ at a resolution of 4 cm™ and each sample was scanned 32 times. In order to re-
move background noise, the measurements were made with blank KBr pellets. All analyses were per-
formed under ambient conditions: at 25 + 2°C, with a minimum of triplicate applied to the samples
[17].

2.2.3. Differential Scanning Calorimetry Analysis

Differential Scanning Calorimetry was used to study thermal behaviour and compatibility of
Zavegepant and excipients. Each sample (Zavegepant, individual excipients, and the physical mix-
ture) was weighed accurately in 5-8 mg and sealed in aluminium pans. The analysis received from
differential scanning calorimetry (DSC) 214 Polyma of Netzsch, Germany under a nitrogen gas of
50ml/min flow at a heating rate of 10°C/min as the samples was heated at a range of 30°C to 300°C.
The reference sample was an empty aluminium pan. To analyze and report the onset temperature,
peak temperature and enthalpy change (AH), the Proteus analysis software was used. The samples
were measured thrice [18].

2.2.4. Solubility Studies in Different Oils

Solubility of Zavegepant was determined based on the guidelines provided by USP, following a
shake-flask method. An excess quantity of Zavegepant was introduced into 5 ml of several types of
oils (Labrafil M 1944 CS, Capryol 90, Oleic acid), found in amber screw-capped vials. After 2 mins
vortexing, they were incubated in a thermostatically controlled water bath (Julabo SW23, Germany) at
37 +0.5°C for a period of 72 hours, under shaking condition 100 rpm. Samples were separated using a
centrifuge (Remi R-24, India) by centrifuging at 3000 rpm for 10 mins. The supernatant was diluted
with methanol through an appropriate method. Quantification of drug concentration was achieved by
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means of spectrophotometric analysis at 280 nm. Solubility was determined in mg/mL and each ex-
periment was performed three times in triplicate [19, 20].

2.2.5. Ternary Phase Diagram Construction

The boundaries of microemulsion regions were defined using phase diagrams obtained from wa-
ter titration. Solution samples were formed with a 1:1, 2:1 and 3:1 ratio of surface active agent and co —
surface active agent. A couple of blends consisting of Labrafil M 1944 CS oil and Smix were made in 5
ml glass vials, each ratio 1:9 to 9:1. Dropwise addition of double distilled water, followed by vigorous
vortexing was maintained until mixture clouded or separated in phases. Phase separation or turbidity
was conspicuous, and water concentration was recorded at this stage. Staining and isotropy of the
samples were established by examining them with ordinary and polarized light. A Web server
(https://ternaryplot.com/) was used to generate phase diagrams with oil, Smix, and water used as the
three axes. The microemulsion zones were identified by the clear, transparent and uniformly isotropic
areas [21, 22].

2.2.6. Experimental Design

Central Composite Design (CCD) was employed to optimize formulation variables, like globule
size, zeta potential, and polydispersity index. The objective was to minimize globule size and poly-
dispersity index, while simultaneously maximizing zeta potential. To achieve this, the study exam-
ined dependent variables such as viscosity, particle size, and dissolution rate, in relation to independ-
ent variables including the concentration of ingredients and polymers. By conducting a limited num-
ber of experiments, CCD enabled high validity in modeling curvature trends and interactions among
factors and responses. Using Design Expert software (Stat-Ease, USA) to guide the experimental de-
sign, a 4-factor, 5-level Central Composite Design was used. The formulation factors were as follows
Labrafil M 1944 CS (10-20% v/v), Brij 35 (38-52% v/v), PEG 400 (12-18% v/v). Twenty-seven of experi-
mental runs were carried out including points of factorials, axial points, and center points. The design
equation was:

Y = Bo + PiXs + PaXz + BsXs + BaXy + Br2XaXa + B1aXiXs + PraXeXy + P2sXoXs + PaaXoXy + BaaXaXy + PraXi? +
B22X52 + BasXa? + BaaXe?

where Y represents the response variable, 3 represents regression coefficients, and Xi, Xz, X3, X4
represent independent variables. Response variables measured were globule size (nm), zeta potential
(mV), and polydispersity index (PDI). Table 1 shows independent variables and response variables
for CCD and table 2 shows formulation composition.

Table 1: Independent variables and response variables for central composite design.

Levels (%v/v)

Sr. No. Independent Variables

Low (-1) Medium (0) High (+1) -a +a
1. Labrafil M 1944 CS 10 15 20 5 25
2. Brij 35 38 45 52 31 59
3. PEG 400 12 15 18 9 21
4. Double distilled water 20 25 30 15 35

Response Variable Unit Goal

Y! Globule Size nm Minimize
Y2 Zeta Potential mV Maximize

Y3 Polydispersity Index (PDI) - Minimize
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Table 2: Formulation composition for dental composite design.

Run Labrafil M 1944 CS Brij 35 PEG 400 DDW Gellan gum Zavegepant
(%v/v) (%v/v) (%v/v) (%v/v) (%w/v) (mg)
Al 10 52 12 30 0.1 200
A2 15 45 15 25 0.1 200
A3 15 59 15 25 0.1 200
A4 15 45 15 35 0.1 200
A5 20 52 12 20 0.1 200
A6 10 38 12 30 0.1 200
A7 20 52 18 20 0.1 200
A8 20 38 18 30 0.1 200
A9 10 52 18 30 0.1 200
A10 25 45 15 25 0.1 200
Al11 15 45 21 25 0.1 200
Al12 20 52 18 30 0.1 200
A13 10 52 12 20 0.1 200
Al4 15 45 15 25 0.1 200
Al5 10 38 12 20 0.1 200
Ale6 20 38 12 20 0.1 200
A17 10 52 18 20 0.1 200
A18 20 52 12 30 0.1 200
A19 15 31 15 25 0.1 200
A20 15 45 15 25 0.1 200
A21 15 45 15 15 0.1 200
A22 5 45 15 25 0.1 200
A23 10 38 18 30 0.1 200
A24 10 38 18 20 0.1 200
A25 20 38 18 20 0.1 200
A26 20 38 12 30 0.1 200
A27 15 45 9 25 0.1 200

2.2.7. Preparation of Microemulsion

The CCD design applied to prepare microemulsion formulations through the spontaneous emul-
sification approach. The oil phase containing the Labrafil M 1944 CS was admixed with the surfactant
at 300 rpm with magnetic stirring (Remi 2MLH, India) for 5 mins. For 5 more mins, mixing was car-
ried out following the addition of the co-surfactant. Once clear and transparent microemulsion was
formed it was retrieved by adding a double distilled water drop by drop with stirring at 500 rpm un-
til the desired clarity was achieved. The microemulsions were then each vigorously mixed for 15 mins
to ensure the optimal equilibrium was achieved. Zavegepant was incorporated in the emulsion
whereby it was incorporated in the oil phase; this was before the mixing started. The preparations
were performed under room temperature (25 + 2°C) and the final formulations were stored in amber
glass vials protected from light [23, 24].

2.2.8. Characterization of Mucoadhesive Microemulsion

2.2.8.1. Visual Inspection

Visual examination was employed to evaluate the important aspects of the physical appearance,
transparency, and uniformity in the microemulsion formulations. Visual inspection was performed
using usual light with white and black backgrounds to evaluate the degree of transmittance and opal-
escence of each preparation. To determine if the samples are isotropic, each was observed at 100x
magnification under polarized light on a polarizing microscope (Labomed CxL, Mumbai, India).
Phase separation, precipitation or turbidity was recorded. All the observations were documented at
ambient temperature (25 +2°C) and verified through the use of digital pictures. Three replicates sam-
ples of each formulation were made and examined immediately after preparation ad after 24 hours
[25].
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2.2.8.2. Globule Size Determination

Globule size analysis was performed in vitro by using dynamic light scattering (DLS) method
through the use of Zetasizer Nano ZS apparatus, through Malvern Panalytical Pune, India. To achieve
the best scattering intensity, samples were diluted in a 1:100 ratio with double distilled filtered water.
Measurements were carried out at a temperature of 25 °C and a 2minute equilibration interval. The
refractive index was adjusted at 1.330 for aqueous solvent; 1.450 for the dispersed substance. Samples
were analyzed five times, using the instrument’s automatic mode of measurement. The results were
presented as the mean globule diameter (Z - average) and standard deviation. The parameters of each
formulation were determined three separate times [26].

2.2.8.3. Polydispersity Index Measurement

Measuring polydispersity index in tandem with globule size was performed on Zetasizer Nano
ZS from Malvern Panalytical in Pune, India. The PDI value which determines the dispersion in the
size distribution was calculated by the instrument software using the cumulants analysis method. The
samples were prepared and analysed according to the same protocol as used when measuring glob-
ule size. The value of PDI below 0.3 was employed to verify a narrow size distribution. Each sample
was analysed in triplicate and the duplicates obtained were averaged in five replicates [27].

2.2.8.4. Zeta Potential Determination

By using Zetasizer Nano ZS (Malvern Panalytical, Pune, India), provided with laser Doppler
electrophoresis, Zeta potential measurements were carried out. The samples were diluted a 1:100 di-
lution with filtered double distilled water before being introduced into universal dip cells. The meas-
urements were made at 25°C using the Smoluchowski approximation application. The sample was
taken with a voltage = 5V and a duration set automatically by the conductivity of the solution. The
acquired data were in millivolts (mV) with their standard deviation proper. Ten analyses were per-
formed on three different samples [28].

2.2.8.5. pH Determination

pH determinations were done using a digital pH meter (Systronics upH System 361, Hyderabad,
India, with calibrations with buffer solutions of pH 4.0, 7.0, and 9.2. The electrode pH was directly
inserted into microemulsion sample at ambient temperature (25 + 2°C). Preliminary pH readings have
settled down after 2 minutes equilibration of the samples. Each of the formulations was tried thrice in
order to give accuracy, and measurements were recorded to +0.01 pH units [29].

2.2.8.6. Determination of Mucoadhesive strength

Mucoadhesive strength was determined using a modified weight balance method with fresh
goat nasal mucosa obtained from a local slaughterhouse (Pune, India). The mucosal tissue was care-
fully cleaned with phosphate buffer (pH 6.8) and cut into uniform pieces (2x2 cm). Two circular glass
slides (diameter 2.5 cm) were used, with the lower slide having the mucosal tissue attached using cy-
anoacrylate adhesive, keeping the mucosal surface upward. A fixed volume (0.5 mL) of microemul-
sion was applied to the tissue surface and allowed to hydrate for 2 minutes. The upper slide was then
gently placed on the hydrated tissue and maintained in contact for 1 min under a constant pressure of
0.5 N. The assembly was attached to a modified weight balance, and weights were gradually added to
the right pan until detachment occurred. The mucoadhesive strength was calculated as the minimum
weight required for detachment and expressed in Newtons (N). Each formulation was analysed in
triplicate at ambient temperature (25 + 2°C), and results were presented as mean + standard deviation
[30].

2.2.8.7. Viscosity Measurement

Viscosity measurement in low viscosity samples was carried out using Brookfield DV-II+ Pro
viscometer (Brookfield, Mumbeai, India), with the use of spindle 64. The viscometry was performed at
a frequency of 100 rpm with samples held at 25 + 1°C. Measurements were done using a small sample
adapter with 7ml sample. Data were recorded after 60 seconds of the motor running at full steadiness.
Measurement outcomes were presented in centipoise (cP) as viscosity. All samples were subjected to
a triplicate analysis and the mean values were presented [31].
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2.2.8.8. Drug Content Determination

The assay for drug content was evaluated using UV spectrophotometry on equipment supplied
by Systronics 2203, manufactured in Hyderabad India. Samples of microemulsions were diluted 10-
fold with methanol and centrifuged at 3000 rpm for ten minutes. Filtering 0.45 um membrane filter
supernatant, it was diluted further with a phosphate buffer pH 6.8. UV spectrophotometer was used
to measure assay absorbance at 280 nm after a calibration was done. The amount of the drug present
was defined from the linear calibration curve (y = 0.0548x + 0.0265, 12 = 0.999), and the result was pre-
sented in percentage using three Independent samples [32].

2.2.8.9. Permeation Study Through Nasal Mucosa

Ex vivo permeation studies were conducted using the Franz diffusion cells from Orchid Scientific
from Nashik, India, with a useful diffusion area of 1.77 cm? and a receptor volume of 15ml. Goat nasal
mucosa was harvested and washed with phosphate buffer at pH 6.8, cut to the appropriate dimen-
sions, and placed in the diffusion cell with the epithelial surface facing the donor chamber and the
submucosal/connective tissue side facing the receptor chamber. The phosphate buffer pH 6.8 was sat-
urated with 0.1% sodium lauryl sulphate as penetration in the receptor compartment. At time zero,
0.5 ml microemulsion was applied to the surface of mucosa. At fixed time points (0.5, 1, 2, 4, 6, 8, 10
and 12 hours), samples of 1 ml were taken and the receptor compartment was replenished with the
same volume (1 mL) of fresh buffer. The drug diffusing was measured with the UV spectrophotome-
ter at the wavelength of 280 nm. Based on the provided equations, cumulative diffusion (ug/cm?),
steady-state flux (Jss, pg/cm?/h), permeability coefficient (Kp, cm/h), lag time (TL, h), and enhance-
ment ratio compared to control were calculated. Jss represents the slope of the linear part of the drug
permeated accumulated versus time plot; Kp is represented by Jss/Cd; TL is defined as the x intercept
of the linear fraction of the data set. The measurements were taken as duplicate samples for each ex-
periment, all samples taken from the same source of tissue [33, 34].

2.2.9. Stability Studies

The accelerated stability studies were planned in accordance to the International Conference on
Harmonization (ICH) guidelines Q1A (R2). Stability chambers from Thermolab, Mumbai, India were
utilised to store sealed microemulsion samples at 40 + 2°C/75 + 5% relative humidity (RH). Samples
taken at months 0, 1, 2, 3 and 6 were subjected to physical appearance, pH, globule size, PD], zeta po-
tential, drug content and microbial growth. Simultaneously, stability analyses at 25 + 2°C/60 + 5% RH
were conducted for the long term. Statistical analysis of the changes from initial values was done to
determine changes. Six batch samples were screened at each sampling interval for each of the three
batches [35].

2.2.10. Morphological Analysis

The transmission electron microscopy examination was conducted by using JEM-2100 (JEOL,
Delhi, India) at the accelerating voltage of 120 kV. To achieve sample preparation the microemulsions
were diluted 1:50 in filtrated water, and applied to the carbon-coated copper grids. The method of
negative staining was to immerse the samples in a 2% aqueous uranyl acetate solution. After prepar-
ing the samples they were dried at room temperature for analysis. Micrographs were captured with
magnifications ranging from 5000x to 50000 to determine globular form and particle size. Three
viewing fields were analysed and representative images were carefully selected [36, 37].

2.2.11. Statistical Analysis

The mean + standard deviation is used to present each set of experimental data. In all statistical
evaluations, GraphPad Prism 8.0 software (GraphPad Software Inc., San Diego) was used. For group
means comparisons, a one-way ANOVA was conducted. To compare the individual groups, a stu-
dent’s t-test was used. Using Design Expert software (Version 13, Stat-Ease Inc.) the response surface
methodology and regression analysis were carried out. If p values were below 0.05, all analyses were
considered as statistically significant.
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3. Results

3.1. Differential Scanning Calorimetry Analysis

Zavegepant’s melting point was identified in the DSC analysis by a characteristic endothermic
peak that manifested at 198.11°C as shown in figure 2A. Two physical mixture peaks were observed
(Figure 2B) at 118.33°C and 198.75°C, which indicate that the components have separated. The Prelim-
inary stability data indicate that the formulation shows potential for commercialization, though long-
er-term studies are required to confirm its shelf-life and robustness under varied storage conditions.
DSC Spectra of zavegepant at 198.11°C and physical mixture at 118.33 and 198.75 °C shown in figure
2.

Integral -459.53 m]
normalized  -143.60 Jg™-1
> Onset 191.40 °C
mW Peak Height ~ 8.43 mW
Peak 198.11 °C
Extrapol. Peak 198.15°C
Endset 204.18 °C
Peak Width ~ 7.32°C

- Heating Rate  10.00 °Cmin”-1

(B)
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5 normalized  -55.38 Jg™-1
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Figure 2: Differential Scanning Calorimetry thermograms showing (A) pure zavegepant, which exhibits a sharp endothermic
peak corresponding to its melting point at 198.11 °C, and (B) the physical mixture of zavegepant with excipients, displaying
two distinct endothermic transitions at 118.33 °C (attributed to the excipient component) and 198.75 °C of Zavegepant.

3.2. Fourier Transform Infrared Spectroscopy Analysis

The FTIR spectrum of Zavegepant showed characteristic peaks at 3143.08 cm ! (N-H stretch),
2943.90 cm ! (C-H stretch), 1 Physical mixture showed its peaks at 3801.54 cm™, 2969.80 cm™, 1700.14
cn! and 1011.17 cm™; these were shifted slightly from Zavegepant Observed peaks formed in the
drug and that of the physical mixture were identical, affirming no new formation resulting no loss
confirming the compatibility of Zavegepant with excipients and lack of a chemical interaction. FTIR
spectra of (A) pure Zavegepant and (B) its physical mixture with excipients shown in figure 3.
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Figure 3: Fourier Transform Infrared spectra of (A) pure zavegepant and (B) its physical mixture with excipients.

3.3. Zavegepant Solubility in Different Oils

Through assessment of Zavegepant solubility in various oils, the optimal oil phase for micro-
emulsion assembly was defined. The results showed that Labrafil M 1944 CS (Oleoyl polyoxyl-6 gly-
cerides) was the most solubilized for the drug (47.86 + 2.31 mg/mL) with Transcutol HP in second po-
sition (34.52 + 1.13 mg/mL) By comparison, the minimum solubility in Castor oil was measured at
12.38 + 0.87 mg/mL. The higher observed solubility in Labrafil M 1944 CS was attributed to its medi-
um-chain triglyceride structure and amphiphilic nature, which facilitated desirable hydrogen bond-
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ing with the drug. Labrafil M 1944 CS was determined by these results to be the best oil phase to use
for future preparations of microemulsions.

3.4. Ternary Phase Diagram

The water titration method was used to obtain ternary phase diagrams; thus, we were able to
find the microemulsion regions with the various Smax ratios. The 3:1 surfactant to co-surfactant (PEG
400) ratio produced the widest microemulsion range, covering approximately 42% of the area, com-
pared to a 28% and 19% for ratios of 2. The greater size of the microemulsion zone at 3:1 ratio demon-
strated a better HLB distribution and stronger interfacial film stability, thus making more flexible
formulation design possible. In addition, the 3:1 ratio produced clear, transparent microemulsions
over a broader range of oil and water compositions validating its use in the formulation of the best
microemulsion. Ternary phase diagrams showing microemulsion regions at different surfactant ratios
shown in figure 4.

o

0%

%

605,

[

0y,
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(B) ©

Figure 4: Ternary phase diagrams showing microemulsion regions at different surfactant ratios. (A) 1:1 ratio of Brij 35 and PEG
400, (B) 2:1 and PEG 400, (C) 3:1 ratio and PEG 400. Shaded areas represent microemulsion regions, with oil (Labrafil M 1944
CS), surfactant-co-surfactant mixture (Smix), and water at the three corners.

3.5. Characterization of Zavegepant-Loaded Microemulsions

Zavegepant-loaded microemulsions are characterized by their nanoscale droplet size, stability,
and ability to enhance drug solubility and bioavailability. These systems typically exhibit globule siz-
es in the nanometer range with low polydispersity index, ensuring uniform distribution, while nega-
tive zeta potential values contribute to electrostatic stabilization. Table 3 summarizes the visual stabil-
ity evaluation of 27 formulation batches. Clear, transparent, and colorless samples without phase sep-
aration (AF1-AF3, AF7, AF9, AF12-AF14, AF17, AF20-AF22) indicate stable formulations, while tur-
bid, opaque, or milky batches with partial/major separation (AF5, AF10, AF16, AF19, AF25, AF26)
show instability. Slightly turbid or semi-transparent batches without separation represent borderline
stability.
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Table 3: Physical inspection results showing macroscopic appearance, transparency, color and phase separation.

Batch Appearance Transparency Color Phase Separation
AF1 Clear Transparent Colorless None
AF2 Clear Transparent Colorless None
AF3 Clear Transparent Colorless None
AF4 Slightly Turbid Semi-transparent Slightly milky None
AF5 Turbid Opaque Milky white Partial
AF6 Turbid Translucent White Minor
AF7 Clear Transparent Colorless None
AF8 Highly Turbid Opaque White Partial
AF9 Clear Transparent Colorless None

AF10 Turbid Opaque Milky white Major

AF11 Clear to Turbid Semi-transparent Slightly cloudy None

AF12 Clear Transparent Colorless None
AF13 Clear Transparent Colorless None
AF14 Clear Transparent Colorless None
AF15 Slightly Turbid Translucent Whitish None
AF16 Turbid Opaque Milky white Partial

AF17 Clear Transparent Colorless None

AF18 Turbid Translucent White Minor

AF19 Highly Turbid Opaque White Major

AF20 Clear Transparent Colorless None
AF21 Clear Transparent Colorless None
AF22 Clear Transparent Colorless None
AF23 Turbid Translucent Whitish Minor
AF24 Slightly Turbid Semi-transparent Cloudy None

AF25 Turbid Opaque Milky white Partial

AF26 Highly Turbid Opaque White Major

AF27 Slightly Turbid Semi-transparent Slightly hazy None

Physicochemical parameters such as pH, viscosity, and mucoadhesive strength are measured to
confirm suitability for intranasal or oral delivery, maintaining near-neutral pH and moderate viscosi-
ty for patient comfort and effective mucosal adhesion. The table 4 summarizes the physicochemical
evaluation of 27 batches, showing that all formulations maintained consistent properties within ac-
ceptable ranges. The mean globule size was 106.2 nm with moderate variability, zeta potential aver-
aged -19.4 mV indicating sufficient electrostatic stability, and polydispersity index (0.29) reflected
good uniformity of particle distribution. The pH remained near neutral (6.41), viscosity averaged 86.4
cP suggesting moderate flow behavior, mucoadhesive strength was 0.65 N indicating good adhesion,
and drug content was consistently high (~98.8%). Although some batches showed extremes (e.g.,
AF22 with the smallest size and highest drug content, AF19 with the largest size and strongest adhe-
sion), the ANOVA p-values for all parameters were greater than 0.05, confirming that differences
among batches were statistically non-significant. This demonstrates reproducibility and robustness of
the formulation process, ensuring stable quality and performance across all batches despite minor
variations. Figure 5 shows optimization of Zavegepant microemulsion batches via central composite
design.
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Table 4: Characteristics of zavegepant-loaded microemulsions prepared using CCD.

Batch Globule Size Zeta Poten- PDI £+ SD pH = SD Viscosity (cP) Mucoadhesive  Drug Content
(nm) £ SD tial (mV) £ +SD Strength (N) + (%) £SD
SD SD
AF1 78.5+3.2 -12.4+£0.8 0.192 +0.025 6.42 +0.08 524+3.1 0.47 +£0.03 98.7+1.2
AF2 92.1+4.1 -18.7+1.2 0.245+0.031 6.38 +0.06 742+4.5 0.58+0.04 99.1+£1.0
AF3 68.4+2.8 -142+0.9 0.168 £0.021 6.45+0.07 48.6 £2.8 0.42+0.03 99.4+0.9
AF4 1052+5.3 221+1.5 0.287 £0.038 6.35+0.09 83.7+52 0.64 £0.05 989+ 1.1
AFS 114.8+6.2 -15.8+ 1.1 0.312 £0.042 6.51+0.11 95.3+£6.8 0.72 £0.06 97.6+1.4
AF6 135.7+7.1 245+1.7 0.378 £0.045 6.29 +0.08 1082+ 7.4 0.78 £0.07 982+1.3
AF7 87.3£3.9 -13.6+£0.8 0.213 £0.028 6.48 +0.07 65.7+4.1 0.52+0.04 99.2+£0.8
AF8 152.6+8.4 -273+19 0.425+0.051 6.32+0.10 1245+ 89 0.89+0.08 978+ 1.5
AF9 652+25 -11.8+0.7 0.156+0.019 6.44 +0.06 543+3.2 0.48 £0.03 99.5+0.7
AF10 142.7+7.8 -194+1.3 0.395 +£0.047 6.53+0.12 112.8 8.6 0.83+£0.07 96.9+1.6
AF11 98.6+£4.5 -172+1.1 0.258 +£0.033 6.41 +0.08 78.9+5.0 0.61 £0.05 98.8+1.0
AF12 98.3+43 -16.9+1.0 0.254 £0.032 6.46 +0.07 71.4+4.6 0.56 £0.04 99.0£0.9
AF13 71.9+3.0 -13.1+£0.8 0.175+£0.022 6.43 +0.08 49.8+29 0.45+0.03 99.3+£0.8
AF14 93.5+4.0 -189+1.2 0.248 £0.031 6.39 +0.06 75.6£4.8 0.59 £ 0.04 99.2+£0.9
AF15 1254+6.5 -258+1.8 0.358 £0.043 6.30 +0.09 96.7+£6.5 0.74 £0.06 98.5+1.3
AF16 1453 +7.9 -26.1+1.8 0.412 +0.049 6.52+0.11 104.3+7.8 0.79 £0.07 979+1.4
AF17 58.7+2.1 -12.7+£0.8 0.142+£0.018 6.47 +0.07 582+3.5 0.51+0.04 99.6 £0.7
AF18 1224 +6.8 -17.5+1.2 0.335+0.041 6.50+0.10 89.5+6.2 0.68 £0.05 98.7+1.1
AF19 168.9+9.2 314 +2.1 0.485+0.058 6.25+0.12 135.7+9.8 0.94+0.09 972+1.7
AF20 942 +4.1 -19.0+1.2 0.247 £0.031 6.37 +0.06 748 +4.7 0.57 £0.04 99.1£0.9
AF21 76.8+3.3 -16.2+1.0 0.189 £ 0.024 6.44 +0.08 68.3+43 0.53+£0.04 99.4+0.8
AF22 453+1.8 -147+09 0.118 £0.015 6.39+£0.07 428+2.5 0.38+£0.03 99.7+0.6
AF23 132.8+7.0 -23.6+£1.6 0.372 £ 0.044 6.31+0.09 1054 +7.6 0.77 £0.06 984 +1.2
AF24 1152+5.8 249+ 1.7 0.335+0.041 6.33 +0.08 98.2+6.8 0.73 £0.06 98.6 £ 1.1
AF25 138.5+7.5 252+1.7 0.388 £ 0.046 6.54+0.11 101.7+7.4 0.76 £ 0.06 98.0+1.3
AF26 158.7 £ 8.7 -284+1.9 0.448 +0.053 6.49+0.10 1189 +8.5 0.85+0.07 97.7+1.5
AF27 108.4 +5.7 -203+14 0.295 +0.037 6.40 +0.08 82.1+5.4 0.62 +£0.05 98.9+1.0
Mean + 106.2+324 -194+55 0.29£0.10 6.41 +0.08 86.4+25.1 0.65+0.15 98.8+£0.7
SD
ANOVA 0.13% 0.1 0.07% 0.12% 0.1% 0.08™ 0.09%
p-value

ns: non-significant difference.
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Figure 5: Zavegepant-loaded microemulsion batches prepared through Central Composite Design, illustrating the sys-
tematic optimization of formulation variables to evaluate their influence on globule size, zeta potential, polydispersity index,
viscosity, pH, mucoadhesive strength, and drug content.

3.6. Optimization of Zavegepant-Loaded Microemulsions

3.6.1. Effect of Formulation Variables on Globule Size (Y!)

Statistical analysis showed that quadratic model for globule size was very remarkable (p <
0.0001), with adjusted R? values 0.9009 and predicted R? values 0.7369 (Table 5), highlighting suitabil-
ity for optimization studies. A value of 17.88 F for the model supported this model for explaining the
relationship between formulation variables and globule size. Among the tested factors, concentration
(B) showed the highest impact with an F-value of 144.64 (p < 0.0001), which was greater than that of
Labrafil M 1944 CS (A) with an F-value of 72.09. In comparison, DDW concentration (D) and PEG 400
(C) demonstrated moderate significance, with F-values of 8.10 (p = 0.0147) and 5.99 (p = 0.0308), re-
spectively. The quadratic effect B> showed a high influence (F-value = 13.29, p = 0.0034), validating a
non-linear relationship between the concentration and the size of the globule. From the analysis, it
was clear that the interaction between factors A and B was marginally important (F-value = 2.29, p =
0.1559), with all other interactions having little if any significance.

Globule Size = +93.27 + 35.78A - 50.68B - 10.31C + 11.99D + 15.63AB - 6.23AC + 1.28AD - 13.02BC -
5.93BD +2.83CD + 7.93A2 + 32.58B2 + 17.43C2 + 4.93D?

The polynomial model revealed that incorporating a quadratic term (B2 — 3.258) significantly en-
hanced its accuracy, effectively capturing the non-linear behavior of the data. Notably, the smallest
globule size was achieved at approximately 52% surfactant and 10% Labrafil M 1944 CS. This out-
come highlights the intricate interplay between surfactant and oil concentrations, underscoring the
need for precise optimization of these variables to achieve the desired formulation performance.
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Table 5: Fit summary of response variables for CCD.

Source Sequential p-value  Lack of Fit p-value Adjusted R* Predicted R* Model Suggested
Y!: Globule Size (nm)
Linear <0.0001* 0.0068 0.8578 0.8207 2F1
2F1L 0.8257" 0.0056 0.8334 0.7459
Quadratic 0.0341* 0.0089 0.9009 0.7369 V4
Cubic 0.8035"™ 0.0036 0.8535 -2.2343 Aliased
Y?: Zeta Potential (mV)
Linear <0.0001* 0.0064 0.8925 0.8578 2F1
2F1 0.6996™ 0.0056 0.8807 0.8432
Quadratic 0.0110* 0.0109 0.9423 0.8468 v
Cubic 0.0625™ 0.0254 0.9851 0.6773 Aliased
Y3: PDI
Linear <0.0001* 0.0014 0.8590 0.8222 2F1I
2F1 0.7035"™ 0.0012 0.8433 0.7622
Quadratic 0.0262* 0.0021 0.9112 0.7640 v
Cubic 0.7937"™ 0.0009 0.8707 -1.8620 Aliased

ns: non-significant difference, *: significant difference.

3.6.2. Effect of Formulation variables on Zeta Potential (Y?)

The quadratic model for zeta potential had impressive statistical accuracy with an adjusted R?
value of 0.9423 and a predicted R2 The model exhibited excellent overall performance; in particular
concentration (B), which had a very notable F value of 375.27 (p The Labrafil M 1944 CS (A) concen-
tration exhibited a moderate significance with an F-value of 23.16 and with p-value of 0.0004; the
DDW concentration on the other. PEG 400 (C) came close to significance, having an F-value of 4.47
and p-value of 0.0560. Among the quadratic terms, B2 was highly remarkable (F-value = 13.84, p =
0.0029) suggesting non-linear effects were present. The AD interaction term was moderately remark-
able (F-value = 6.52, p = 0.0253), but no other interaction term was statistically remarkable. A major
lack of fit in the model (p=0.0109) suggests the presence of other factors beneath the ones mentioned.

Zeta Potential = -18.87 - 2.62A + 10.53B + 1.15C - 1.42D - 1.40AB + 0.50AC - 3.40AD + 0.00BC - 0.40BD -
0.30CD + 1.46A2 - 4.29B? - 0.24C2 - 0.64D?

The strong negative coefficient of -4.29 on the quadratic term (B?) indicated the presence of a
peaked response curve. In addition, a clear negative interaction coefficient (-3.40) for the AD pair
suggested that higher levels of oil and water suppress the achievement of an optimal surface charge.
Overall, the results demonstrated that the maximum zeta potential is attained at a balance between
intermediate ranges of the formulation variables, highlighting the importance of fine-tuning these
factors for stability. Table 6 shows fit summary of response variables for CCD and ANOVA summary
for quadratic models of all responses.

Table 6: ANOVA summary for quadratic models of all responses.

Source Sum of Squares df Mean Square F-value p-value
Model 26671.75 14 1905.12 17.88 <0.0001*
A'Lab”g‘sl M 1944 7679.10 1 7679.10 72.09 <0.0001*
B-Brij 35 15407.73 1 15407.73 144.64 <0.0001*

C-PEG 400 637.57 1 637.57 5.99 0.0308*

D-DDW 862.80 1 862.80 8.10 0.0147*

AB 244.14 1 244.14 2.29 0.1559™

AC 38.75 1 38.75 0.36 0.5576™

AD 1.63 1 1.63 0.02 0.9037™

BC 169.65 1 169.65 1.59 0.2309™

BD 35.11 1 35.11 0.33 0.5765™

CD 7.98 1 7.98 0.07 0.7890™

A? 83.83 1 83.83 0.79 0.3925™
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Table 6: Continue.

B 1415.20 1 1415.20 13.29 0.0034*
c 405.03 1 405.03 3.80 0.0749™

D 32.40 1 32.40 0.30 0.5914™

Y?2: Zeta Potential

Model 778221 14 55.59 3133 <0.0001*

A'Lab”'g‘sl M 1944 41.08 1 41.08 23.16 0.0004*
B-Brij 35 665.71 1 66.7 372 <0.0001*
C-PEG 400 7.94 1 7.94 447 0.0560"

D-DDW 12.04 1 12.04 6.79 0.0230*

AB 1.96 1 1.96 1.10 0.3139™

AC 0.25 1 0.25 0.14 0.7139™

AD 11.56 1 11.56 6.52 0.0253*

BC 0.0000 1 0.0000 0.0000 1.0000"

BD 0.16 1 0.16 0.09 0.7691™

cp 0.09 1 0.09 0.05 0.8256™

A2 284 1 284 1.60 0.2301"

B 2456 1 2456 13.84 0.0029*

c 0.08 1 0.08 0.04 0.8376™

D 0.55 1 0.55 0.31 0.5882™

Y*: PDI

Model 0.2605 14 0.0186 2006 <0.0001*
A'L“b”‘cﬁsl M 1944 0.0633 1 0.0633 68.29 <0.0001*
B-Brij 35 0.1619 1 0.1619 174.50 <0.0001*

C-PEG 400 0.0066 1 0.0066 7.15 0.0203*

D-DDW 0.0074 1 0.0074 7.96 0.0154*

AB 0.0030 1 0.0030 3.23 0.0974™

AC 0.0010 1 0.0010 112 0.3105™

AD 0.0002 1 0.0002 0.16 0.6946™

BC 0.0019 1 0.0019 2.02 0.1810™

BD 0.0001 1 0.0001 0.08 0.7788™

cD 0.0001 1 0.0001 0.07 0.7911™

A2 0.0013 1 0.0013 137 0.2645™

B 0.0136 1 0.0136 14.63 0.0024*

c 0.0035 1 0.0035 3.72 0.0777

D 0.0002 1 0.0002 0.22 0.6474"

ns: non-significant difference, *: significant difference.

3.6.3 Effect of Formulation Variables on Polydispersity Index (Y3)

The quadratic model for PDI yielded high statistical significance- both adjusted R? as 0.9112 and
predicted. The overall model F-value 20.06 (p < 0.0001) confirmed its statistical validation indicating
that amongst the individual effects, 35 (B) had the highest (F-value = 174.50, p < 0.0001). Labrafil M
1944 CS (A) was the most dominating factor in A quadratic term, B?, was also observed to be highly
considerable (F-Value = 14.63, P=0.0024), which represents a non-linear response pattern. Only the
interaction between A and B showed borderline significance (F-value = 3.23, p = 0.0974), and all other
interaction showed no significance. The large lack of fit (p = 0.0021) of the model indicates complex
underlying factors contributing to PDI variation across the patients. The model explained a substan-
tial part of 91.12% variability of the PDI values, indicating high prediction capacity of the model.

PDI = +0.2467 + 0.1028A - 0.1642B - 0.0332C + 0.0351D + 0.0548AB - 0.0323AC + 0.0123AD - 0.0432BC -
0.0088BD + 0.0083CD + 0.0309A2 + 0.1009B2 + 0.0509C2 + 0.0124D?

The analysis of the polynomial equation coefficients showed that (B) had the major negative im-
pact (-0.1642) on PDI, reflecting its principal role in achieving a narrow size distribution, while Labra-


http://doi.org/10.24017/science.2024.1.1

http://doi.org/10.24017/science.2026.1.1 16

fil M 1944 CS (A) exerted a positive effect. The quadratic term B? (coefficient 0.1009) was highly signif-
icant, confirming the non-linear influence of surfactant concentration on emulsion stability. Addition-
ally, the positive coefficient for the interaction term AB (0.0548) indicated that varying concentrations
of oil and surfactant together enhanced the uniformity of the size distribution. Overall, the findings
highlight the importance of optimizing surfactant concentration to achieve a monodisperse micro-
emulsion with minimal PDIL.

3.7. Validation of Statistical Model

3.7.1. Scanning Electron Microscopy Analysis

The Scanning electron microscopy (SEM) images (Figure 6) reveal the microstructural character-
istics of the Zavegepant, showing non-uniform particulate morphology with varied particle sizes,
which could affect the release profile and bioavailability of Zavegepant. Some agglomerates suggest
partial aggregation during formulation, likely due to interactions between phospholipid components.
Despite these variations, the well-formed vesicular structures indicate effective encapsulation, which
is crucial for the stability, drug distribution, and consistency. SEM image of Zavegepant-loaded mu-
coadhesive microemulsion showing uniform spherical globules with narrow size distribution (Scale
bar: 200 nm) shown in figure 6.

Figure 6: Scanning electron microscopy image of Zavegepant-loaded mucoadhesive microemulsion showing uniform spherical
globules with narrow size distribution (Scale bar: 200 nm).

The optimized formulation demonstrated good agreement between the predicted results and ex-
perimental studies, according to the validation performed by the model (Table 7). The zeta potential
prediction error was very small at 2.4%, which validated the reliability of the model predicting the
surface charge. There was notable disparity in the size of the globules (14.7%) and PDI (19.0%), mostly
due to the intricacy of particle formation processes. The optimal formulation 10% Labrafil M 1944 CS;
52% Brij 35; 18% PEG 400; and 20% water showed 100% desirability, validating the statistical model.

Table 7: Validation of the optimized microemulsion formulation showing comparison between predicted and experi-
mental values.

Parameter Predicted Values Experimental Values Prediction Error (%)
Globule Size (nm) 50.10 58.7+2.1 14.7%
Zeta Potential (mV) -12.39 -127+0.8 2.4%
PDI 0.115 0.142+£0.018 19.0%

A:10.00% B: 52.00% C: 18.00%

Optimization Point R
D: 20.00% Desirability: 1.000 Run A17
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3.7.2. Particle Size and Zeta Potential Analysis

The particle size and zeta potential analyses of the Zavegepant loaded mucoadhesive micro-
emulsion for intranasal delivery formulation revealed key insights into its stability and therapeutic
potential. The average globule size was 58.7 nm with a narrow distribution, beneficial for uniform
performance and enhanced bioavailability (Figure 7A). The zeta potential of -12.7 mV indicates a
highly stable colloidal system, as the negative charge prevents particle aggregation (Figure 7B).
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Figure 7: Dynamic light scattering analysis of optimized Zavegepant-loaded microemulsion. (A) Particle size distribution
showing narrow size distribution with mean diameter of 58.7 nm and PDI of 0.142; (B) Zeta potential distribution showing
surface charge of -12.7 mV indicating good colloidal stability.

3.7.3. Ex-vivo Drug Permeation

The optimized clear formulation demonstrated 91.7% drug permeation at 12 hours, with a rapid
initial release of 11.3% within 0.5 hours, whereas oil-rich turbid formulations showed limited release
(marketed intranasal zavegepant (ZAVZPRET™) delivers a single 10 mg dose per actuation, achiev-
ing rapid systemic absorption with peak plasma concentrations (Tmax) around 30 mins and a bioa-
vailability of approximately 40%. Unlike the ex-vivo AF17 formulations (Batch code) which show vari-
ability based on oil content and clarity, the commercial Zavegepant spray is standardized to ensure
consistent, fast onset of action suitable for acute migraine treatment. Thus, while permeation profile
highlights strong sustained release potential, the marketed Zavegepant nasal spray prioritizes rapid
absorption and predictable pharmacokinetics to meet clinical needs for immediate migraine relief.
Cumulative drug permeation profiles for formulations through goat nasal mucosa shown in figure 8

Ex vivo drug permeation

Time (h)
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Figure 8: Cumulative drug permeation profiles for formulations through goat nasal mucosa.
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3.7.4. Accelerated Stability Study

The table 8 summarizes the six-month stability study of a Zavegepant-loaded microemulsion
across multiple physicochemical parameters. The formulation remained physically stable, with no
phase separation and only a slight change in appearance (clear to faint yellowish at six months). The
pH showed a small decline from 6.47 to 6.32, but this was statistically non-significant (p = 0.15), indi-
cating acceptable chemical stability. Globule size increased significantly (from 58.7 nm to 72.8 nm, p =
0.028), suggesting some droplet growth or aggregation over time, while polydispersity index also in-
creased, reflecting reduced uniformity, though not statistically significant (p = 0.09). Zeta potential
became more negative (-12.7 to -15.9 mV), which generally supports stability, but the change was not
significant (p = 0.1). Drug content gradually decreased from 99.6% to 94.1%, viscosity declined slight-
ly, and mucoadhesive strength reduced from 0.51 N to 0.42 N; interestingly, viscosity (p = 0.02) and
mucoadhesive strength (p = 0.01) showed statistically significant reductions, indicating measurable
changes in flow behavior and adhesion over time. Overall, the formulation demonstrated good stabil-
ity, with globule size, viscosity, and mucoadhesive strength being the most sensitive parameters,
while other properties remained within acceptable limits.

Table 8: Accelerated stability study results of optimized Zavegepant-loaded microemulsion stored at 40 + 2°C/75 + 5% RH for 6

months
Parameter Initial (0 1 month 2 months 3 months 6 months F-value  p-value
months)
Clear, color- Clear, color- Clear, color- Clear, slight
Appearance Clear, colorless . - -
less less less yellowish

Phase Separation None None None None None - -
pH 6.47+0.07 6.45+0.08 6.42 +£0.09 6.39 £ 0.08 6.32+£0.10 2.11 0.15™
Globule Size (nm) 58.7+2.1 59.2+24 61.5+£2.8 643+3.2 72.8+£3.9 6.24 0.028*
Polydispersity Index 0.142+0.018  0.148+0.021  0.165+0.024 0.189 +0.028 0(')23;; 2.87 0.09™
Zeta Potential (mV) -12.7+0.8 -13.1+0.9 -13.8+ 1.0 -145+1.1 -159+1.3 1.120.31 0.1
Drug Content (%) 99.6£0.7 98.9+0.9 97.8 £ 1.1 962+ 1.3 941+£1.5 1.82 0.19™
Viscosity (cP) 582+3.5 57.8+£3.7 57.1£3.9 56.5+4.1 54.8+43 0.05 0.02*
M““"adhe(s;lv)e Strength 514004 0.50 0.04 0.48 +0.05 046005  0.42%0.06 0.04 0.01%

ns: non-significant difference, *: significant difference.

4. Discussion

Preformulation studies established a strong basis for Zavegepant microemulsion development,
with UV spectrophotometry showing excellent precision (12 > 0.999) and thermal/FTIR analyses con-
firming excipient compatibility. Labrafil M 1944 CS demonstrated superior solubility (47.86 + 2.31
mg/mL), validating its selection as the oil phase [38]. The ternary phase diagram identified the 3:1
35/PEG 400 ratio as optimal, expanding the microemulsion region and ensuring formulation flexibil-
ity in line with ICH guidelines [39]. Characterization revealed clear correlations between composition
and performance. Excess oil content led to turbidity and phase separation [40] . while AF9, AF17, and
AF22 remained clear and stable. Particle size analysis highlighted AF22 (45.3 nm) and AF17 (0.85),
supporting prolonged nasal residence [41]. Collectively, these findings identify as the most promising
formulation, combining optimal particle size, stability, drug content (96.9-99.7%), and absorption effi-
ciency. The results align with quality-by-design principles and reinforce the potential of Labrafil-
based microemulsions for effective intranasal Zavegepant delivery [42].

Optimization using CCD revealed strong correlations between formulation factors and micro-
emulsion properties, with adjusted R? values >0.90 confirming predictive accuracy of quadratic mod-
els [43]. Despite significant lack of fit (p < 0.05), results highlighted the inherent complexity of micro-
emulsion systems [43]. ANOVA identified concentration as the primary determinant of globule size,
zeta potential, and PDI, consistent with surfactant theory that higher concentrations reduce interfacial
tension and stabilize droplets [44]. Response surface analysis further emphasized the need for inte-
grated optimization strategies, as multiple local optima and strong interaction effects were observed
[45]. Model validation confirmed the optimal formulation, with low prediction error for zeta potential
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and a desirability function of 100%, underscoring the robustness of multi-criteria optimization. The
optimized composition (10% Labrafil M 1944 CS, 52% Brij 35, 18% PEG 400, 20% water) produced uni-
form spherical droplets (58.7 nm, PDI 0.142) with stable electrostatic properties (-12.7 mV), supported
by SEM and DLS analyses.

Ex-vivo permeation studies demonstrated superior drug diffusion (91.7% at 12 h), with rapid ini-
tial release due to small droplet size and extended release via controlled diffusion. Clarity of the for-
mulation correlated with stability and enhanced drug delivery, while higher oil content reduced per-
meation efficiency [46]. Accelerated stability testing confirmed robustness, with only minor changes
in globule size, PDI, and pH after 6 months at 40°C/75% RH. Drug degradation was minimal (5.5%),
and all parameters remained within ICH limits, suggesting a shelf life exceeding 18 months.

Overall, AF17 demonstrated optimal physicochemical properties, stability, and drug release per-
formance, supporting its potential as a scalable and clinically viable intranasal Zavegepant micro-
emulsion. Accelerated stability testing confirmed robustness, with only minor changes in globule size,
PDI, and pH after 6 months at 40°C/75% RH. Drug degradation was minimal (5.5%), and all parame-
ters remained within ICH limits, suggesting a shelf life exceeding 18 months.

The preformulation, optimization, and characterization studies collectively establish AF17 as a
promising intranasal Zavegepant microemulsion, demonstrating optimal particle size, stability, drug
release, and permeation efficiency in alignment with quality-by-design principles. While ex-vivo and
accelerated stability data strongly support its translational potential, further in vivo validation and
large-scale manufacturing studies are essential to confirm long-term safety, efficacy, and commercial
viability.

5. Conclusions

Quality by design concepts and response surface methodology were used in the investigation to
successfully develop and optimize a Zavegepant-loaded mucoadhesive microemulsion for intranasal
use. The optimized formulation exhibited outstanding properties, including minute globule diameter
(58.7 nm), homogenous size distribution (PDI 0.142), and high drug loading (99.6%) which led to 91.7
% drug penetration across nasal tissue. The results of statistical optimization emphasized the role of
surfactant concentration upon microemulsion quality allowing for reliable adjustment of drug deliv-
ery characteristics. Extensive stability evaluations confirmed that the formulation could preserve its
integrity at accelerated conditions with a shelf life greater than 18 months. Such results indicate that
this method might deliver a more swiftly working and cheaper for patients therapy for migraines
than current orally taken agents, probably bringing about a superior effectiveness due to alleviated
first-pass clearance and increased bioavailability. Further investigations should be carried out in vivo
pharmacokinetic and efficacy test to validate clinical significance and improved therapeutic out-
comes.
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