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Purpose: The current work aimed to overcome the poor permeability and undesirable 
adverse effects of Zolmitriptan (ZMT) and to increase its efficacy in the treatment of acute 
migraine by exploiting the synergistic effect of the essential oil, lavender, to fabricate ZMT 
self-nanoemulsifying drug delivery systems (ZMT-SNEDDS).
Methods: ZMT-SNEDDS were fabricated based on full factorial design (32) to statistically 
assess the impact of oil and surfactant concentrations on the nanoemulsion globule size, zeta 
potential and percentage drug dissolution efficiency. An ATR-FTIR method was developed 
and validated for continuous real-time monitoring of ZMT dissolution and permeation. The 
dose of the optimized ZMT-SNEDDS used in the efficacy study was selected according to 
the acute toxicity study. The efficacy study was performed on migraineous rats induced by 
nitroglycerin and was evaluated by the activity cage and thermal tests, electroencephalogram, 
electroconvulsive stimulation, and biochemical analysis of brain tissue. Finally, histopatho
logical and immunohistochemical examinations of the cerebra were carried out.
Results: Upon dilution, the optimized ZMT-SNEDDS (F5) exhibited nanosized spherical 
droplets of 19.59±0.17 nm with narrow size distribution, zeta potential (−23.5±1.17mV) and 
rapid emulsification characteristics. ATR-FTIR spectra elucidated the complete time course of 
dissolution and permeation, confirming F5 superior performance. Moreover, ZMT-SNEDDS (F5) 
showed safety in an acute toxicity study. ZMT concentration in rat brain tissues derived from F5 
was lower compared to that of ZMT solution, yet its effect was better on the psychological state, 
algesia, as well as maintaining normal brain electrical activity and delayed convulsions. It 
counteracted the cerebral biochemical alternations induced by nitroglycerin, which was con
firmed by histopathological examination.
Conclusion: In a nutshell, these findings corroborated the remarkable synergistic efficacy 
and the high potency of lavender oil-based ZMT-SNEDDS in migraine management com
pared to the traditional zolmitriptan solution.
Keywords: ZMT-SNEDDS, acute migraine, real-time monitoring, nitroglycerin, activity 
cage, algesia

Introduction
Migraine is a unilateral, throbbing recurrent headache, which is a painful neurologi
cal disease. Migraine symptoms are often preceded by sensory or motor disturbances 
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that are referred to as aura. Patients suffering migraines may 
also experience phonophobia, nausea, vomiting, fever, 
chills which differentiates it from stress headache.1

Migraineurs are more susceptible to develop 
migraine attacks when given the vasodilator drug 
Nitroglycerin (NTG). This incidence is correlated to 
a lower temporal summation threshold with hypersensi
tivity of the algesic system to NTG. Administration of 
NTG systemically to rats induces hyperalgesia and 
migraine-like symptoms similar to those in migraineurs 
through activation of brain nuclei incorporated in noci
ceptive transmission and changes in autonomic nervous 
system responses in rats.2

The serotonergic agonists, triptans, are currently the 
gold standard for the abortive approach in migraine man
agement. Zolmitriptan (ZMT) is a high potency triptan that 
belongs to the second generation. ZMT, a selective 
5-hydroxytryptamine 1B/1D receptor agonist, acts as 
a cerebro-vasoconstrictor and inhibitor of the release of 
the pro-inflammatory neuropeptides from trigeminal peri
vascular nerve endings. It is prescribed in doses of 2.5 mg 
or 5 mg up to 10 mg/day.3

However, it is recommended to reduce the dose in 
patients with hepatic impairment as this condition may 
increase the incidence of hypertension as a result of exces
sive vasoconstriction, due to impairment of ZMT metabo
lism by hepatic microsomal enzymes. Overdosage of ZMT 
may cause sedation or increased headache, tachycardia, 
tingling, pain, chest tightness, nausea, or vomiting.3 

Hence, it is worthwhile to examine alternative formulation 
technique that provides the same efficacy in reducing 
migraine symptoms but can be given in lower doses to 
mitigate its side effects.

The absolute bioavailability of ZMT is reported to be 
40–50% for the conventional tablets and nasal dosage 
forms. The reduction in oral bioavailability is attributed 
to its low permeability, being a BCS class III drug, as well 
as the hepatic first pass effect.4

The challenge of poor oral bioavailability has, for long, 
triggered the search for a viable fix for this predicament. 
Lipid-based formulations gained appreciable momentum as 
a dependable method of delivering drugs that are poorly 
soluble or permeable. Among those, self-nanoemulsifying 
drug delivery systems (SNEDDS) have been established as 
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an efficient tool for enhancing the oral systemic bioavailabil
ity of such drugs. These systems are essentially isotropic 
blends of the drug, lipids, surface active agents, along with 
one or more co-emulsifiers. They disperse in the gastrointest
inal (GIT) aqueous media in such a fine form where a large 
surface area is created, which improves drug absorption.5

SNEDDS are commonly formulated utilizing vegetable 
oils or semi-synthetic lipids. Recently, essential oils such as 
peppermint, lavender, and others have also been probed for 
SNEDDS formulation, most likely as a result of their poten
tial disparate therapeutic outcomes such as alleviating the 
associated migraine symptoms of pain and nausea as well as 
the facile emulsification as compared to vegetable oils.6,7

Assessment of a drug’s dissolution and permeation 
from dosage forms involves frequent sample withdra
wal for analysis using UV-spectrophotometry, or more 
commonly HPLC. Such techniques involve numerous 
solution replacements and conditions re-adjustment 
resulting in excessive solvent consumption, increased 
waste time and energy, and the risk of component 
interference if UV-spectrophotometry is employed. 
Therefore, the implementation of Attenuated Total 
Reflection–Fourier Transform Infrared (ATR-FTIR) 
real-time monitoring is advantageous to overcome 
these obstacles as it can provide a continuous profile 
of the dissolved drug concentrations with time.8 The 
FTIR spectrum can reveal unique information about 
ZMT’s molecular structure, which is referred to as 
a fingerprint for its quantification.9

The endeavor of this study is to enhance ZMT 
permeation through intestinal barriers compared to the 
drug solution via loading it into SNEDDS, as well as to 
elucidate the adjuvant effect of the selected essential 
oil in potentiating the anti-migraine effect of ZMT. In 
addition, we aim to develop an ATR-FTIR method that 
could be used for tracking the real-time change in ZMT 
concentration during its dissolution and permeation 
testing. The efficacy of ZMT loaded SNEDDS will be 
compared to oral ZMT solution in an animal model 
mimicking migraine to assess its effect on the produc
tion of the serotonin precursor “tryptophan” and meta
bolic changes of the brain cells in relation to ZMT 
concentrations detected in the brain. The comparison 
will also include the psychological and analgesic 
effects of both forms in addition to histopathological 
and immunohistochemical examination of brain tissue.

Methods
The Investigation of ZMT Solubility in 
Different Essential Oils
To select the proper oil phase, the saturated solubility of 
ZMT in various oils, viz. ginger, lavender and peppermint 
oils, was determined. Excess ZMT was added to each oil 
in a stoppered vial, vortexed for 5 min followed by 72 h of 
shaking at 25±0.5°C until equilibrium is reached. 
Undissolved ZMT was removed by centrifugation at 
2500 rpm for 30 min. The supernatant was then filtered 
via a Millipore 0.45 µm filter. The drug concentration in 
each filtrate was determined using HPLC at λ max = 222 
nm, according to the Champaneria et al method.10 The 
observed retention time for ZMT was 3.5 min.

The Selection of Surfactants and 
Cosurfactants
Cremophor® EL [Polyoxyl 35 hydrogenated castor oil 
(P35HCO), HLB = 13.5], Labrasol® (HLB = 12), Brij® L4 
(HLB = 9) and Brij® 93 (HLB = 4)] were tested for their 
ability to integrate significant volumes of water into oil/ 
surfactant combinations. A 1:1 w/w ratio of the selected oil 
was combined with each of the four tested surfactants. Water 
was then drop-wise titrated while continuously stirred until 
the mixture turned turbid. The highest percentage of water 
that could be integrated into the oil/surfactant combination 
(O/S mix) was used to determine which surfactant should be 
used in the formulation of SNEDDS. The percentage of 
water incorporated was calculated as follows:

Percent of water incorporated ¼
wt:of added water

wt:of mixture
þwt:of added water

� �

2

6
6
4

3

7
7
5� 100 

Co-surfactants were tested for their capacity to boost 
the selected surfactant’s nano emulsification capabilities. 
At a surfactant to cosurfactant (S/CoS) ratio of (1:1 w/ 
w), the chosen surfactant was coupled with each of the 
three different cosurfactants (Transcutol® HP, 
Lauroglycol™ 90, and Propylene Glycol). The oil and 
each S/CoS mixture were combined at a ratio of (1:1 w/ 
w). These combinations were screened the same way the 
surfactants were screened, and the CoS that allowed the 
highest water incorporation was chosen for constructing 
the ternary phase diagram.11
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Phase Diagram Construction and 
Preparation of ZMT Charged SNEDDS
The phase diagram was created to figure out the percen
tage of components that would result in the formation of 
a nanoemulsion.12 Adequate amounts of each component 
were weighed into small vials, vortex mixed for 10 min, 
then gently stirred with heating at 37°C to generate 
a homogeneous isotropic mixture. Thirty-six systems 
were created and maintained at room temperature for 24 
h before being visually examined.13

The phase diagram was also structured in the pre
sence of ZMT (1% w/w) for all the generated SNEDDS 
to investigate the influence of drug incorporation on the 
nanoemulsion area. To recognize the effect of dilution 
on nanoemulsion boundaries, all the prepared systems, 
with and without drug loading, were diluted 100 times 
with deionized water and % transmittance was deter
mined spectrophotometrically at 638 nm against deio
nized water as a blank.14

Nine ZMT-SNEDDS were selected for further 
investigations based on the established clear region of 
the ternary phase diagram where a full factorial design 
(32) was applied to statistically assess the effect of oil 
and surfactant concentrations (X1 and X2, respectively) 
on the emulsion’s globule size, zeta potential and per
centage drug dissolution efficiency. Three levels were 
assigned to each factor, as presented in (Table 1). The 
statistical study was followed by the calculation of the 
desirability to select the optimum formula for further 
investigations using Design Expert® software (version 
7; Stat-Ease, Inc., Minneapolis, MN).

In-vitro Investigations and Optimization 
of ZMT-Loaded SNEDDS
Robustness to Dilution and Assessment of 
Self-Emulsification Efficiency of Various 
ZMT-SNEDDS
ZMT-SNEDDS formulae (0.1 mL of each), was diluted to 
10 mL with deionized water and the percent transmittance 
was measured at 638 nm using deionized water as a blank. 
In addition, the nanoemulsions were examined for drug 
precipitation and phase separation, if any.11

Assessment of Self-Emulsification Time of Different 
ZMT-SNEDDS
The dispersion rate is a measure of the effectiveness of 
self-emulsification. Using the dissolution apparatus at 
50 rpm and temperature 37±0.5°C, one mL of ZMT- 
SNEDDS was introduced to 500 mL of deionized water. 
The time for the dispersed SNEDDS to completely vanish 
was visually tracked.14

Determination of Globule Size, Polydispersity Index 
and Zeta Potential of the Diluted ZMT-SNEDDS
Malvern Zetasizer was used to analyze the globular size, poly
dispersity index (PDI), and zeta potential. ZMT-SNEDDS 
were diluted 100 times in deionized water and gently shaken 
to create nanoemulsions prior to measurement.15

In-vitro Dissolution Study of ZMT from the Prepared 
Systems Using Attenuated Total Reflection–Fourier 
Transform Infrared
An ATR-FTIR method was implemented to determine 
the percent of ZMT dissolved relative to time. (Figure S1) 
shows the circulation setup of the ATR-FTIR continuous 

Table 1 Experimental Runs Independent Variables (Formulation Variables) of the 32 Full Factorial Experimental Design

Formula Factors (Independent 
Variables)

Dependent Variables PDI Emulsification 
Time (Sec)

X1: Oil 
Conc 
(%)

X2: 
Surfactant 
Conc (%)

Y1: Average 
Droplet Size 

(nm)

Y2: Zeta 
Potential 

(mV)

Y3: Dissolution 
Efficiency, 12 Min. 

(%)

F1 10 10 19.40 ± 0.51 −27.7 ± 3.56 82.34 ± 3.45 0.35 ± 0.001 40 ± 0.47
F2 30 10 27.39 ± 0.46 −26.8 ± 1.50 79.89 ± 2.74 0.35 ± 0.022 90 ± 1.25

F3 50 10 35.05 ± 0.44 −32.2 ± 3.76 76.16 ± 3.18 0.26 ± 0.023 125 ± 3.68

F4 10 20 15.59 ± 0.17 −23.9 ± 3.19 79.36 ± 2.91 0.21 ± 0.019 51 ± 2.49
F5 30 20 19.59 ± 0.36 −23.5 ± 1.17 77.56 ± 1.82 0.29 ± 0.009 121 ± 2.51

F6 50 20 24.28 ± 0.13 −23.5 ± 2.62 73.38± 2.77 0.33 ± 0.013 180 ± 2.01

F7 10 40 13.97 ± 0.06 −17.2 ± 1.32 76.45 ± 3.69 0.10 ± 0.011 303 ± 3.8
F8 30 40 14.29 ± 0.17 −21.1 ± 1.99 72.20 ± 3.53 0.17 ± 0.016 371 ± 4.52

F9 50 40 15.84 ± 0.08 −20.2 ± 2.53 68.63 ± 2.91 0.15 ± 0.016 459 ± 6.14
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flow system (Pump, dissolution device, FTIR, and compu
ter). The continuous flow starts from the dissolution appa
ratus vessel where the formula was placed. Samples were 
pumped in tubes towards the ATR unit using a pulsation 
pump adjusted at 2 mL/min. The pumped solution moves 
towards the ZnSe crystal (ATR unit), which is tightly sealed 
with a metal cover. This cover permits the solution move
ment in one direction to be scanned and returned back to the 
dissolution vessel, as shown in (Figure S1 and 
Supplementary Video S1).

The circulating system conditions must be optimized, 
before the measurement of the samples, as follows:

a) Nitrogen gas was used for the removal of air and 
humidity from the ATR unit.

b) The FTIR software parameters were carefully 
adjusted as follows: Measurement mode: Absorption, 
scanning range: 750–4500 cm−1 with automatic scanning 
for 15 min. SqrTriangle apodization function, the mirror 
speed is 2.8, each sample was measured 45 times. The 
device was adjusted for automatic atmospheric interfer
ence correction.

c) The solutions and standards were carefully heated to 
37°C before each measurement.

d) The solution was pumped at a constant flow rate of 
(2 mL/min) during the experiment. The conditions were 
stabilized by allowing it to flow for five minutes until all 
gases that may present in the tubes were removed.

Before starting the circulation, different working con
centrations of ZMT (0.2–12 µg/mL) were placed sepa
rately in the dissolution vessel, then the flow was started, 
and the different ZMT spectra were recorded.

Real-time dissolution testing is an essential parameter to be 
evaluated during drug development and quality control. In 
order to evaluate ZMT-SNEDDS dissolution profile, samples 
(500 mg) were filled into hard shell capsules size 00 and 
placed in a dissolution vessel filled with 500 mL deionized 
water. The vessels were continuously stirred at 50 rpm and 
heated at 37 °C. The circulation was then started, and the 
solution was pumped towards the FTIR prism, where the 
samples were continuously scanned, and the spectra were 
automatically recorded. The efficacy of dissolution 
in percent (%DE) was determined for each system based on 
the equation described by Sharma et al.16

Ex-vivo Permeation Study of ZMT from the 
Optimized ZMT-SNEDDS
The non-everted rat intestinal sac model was utilized to 
evaluate the permeation of ZMT from SNEDDS through 

the intestinal mucosa. Isolated small intestines of sacri
ficed male Wistar rats (200–250 g) were carefully cleansed 
using phosphate buffer saline (PBS) and cut into 4 cm long 
segments. A definite amount of the optimized SNEDDS 
was diluted separately with 1 mL phosphate buffer (pH 
6.8) and filled into the segments. Both ends of the intes
tines were securely knotted to avoid leakage before being 
placed in beakers with 50 mL of phosphate buffer (pH 
6.8). A shaking water bath was used to keep the receptor 
phase at 37±0.5°C with gentle shaking at 50 rpm.5 Data 
was compared to a ZMT solution in deionized water. 
Using the ATR-FTIR approach previously stated in the 
“In-vitro ATR-FTIR Dissolution” section, samples were 
analyzed for the percent of ZMT permeated relative to 
time.

Thermodynamic Stability of the Optimized 
ZMT-SNEDDS
Three full freeze-thaw cycles were performed on the cho
sen formula, demonstrating its physical stability as well as 
its capacity to tolerate thermal stress.17

Transmission Electron Microscopy of the Optimized 
ZMT-SNEDDS
Transmission electron microscopy (TEM) was used to 
evaluate the morphology of the optimum formula accord
ing to the method mentioned by Soliman et al.18

Pharmacological Study of the Optimized 
ZMT Loaded SNEDDS
Experimental Animals
Adult female Wister albino rats with a body weight range 
of 180–200 g were obtained from the animal house at the 
National Research Center (Giza, Egypt). Throughout the 
investigation, the animals were kept in appropriate labora
tory conditions. They were fed standard pellet chow, pro
vided by the animal house at the National Research 
Centre, and allowed free access to water. All experimental 
procedures were carried out in accordance with the “Guide 
for the Care and Use of Laboratory Animals” issued by the 
Institute of Laboratory Animal Resources (U.S.); 
Committee on Care and Use of Laboratory Animals; 
National Institutes of Health (U.S.), and Division of 
Research Resources, NIH Publication Series.19 The animal 
procedures were approved by Egypt’s “National Research 
Centre’s Ethics Committee”, with permission certificate 
registration number (8413042021).
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Acute Toxicity Study of the Optimized 
ZMT-SNEDDS
A single dose of ZMT-SNEDDS (0.045 mg/kg), diluted 
with one mL distilled water, was orally administered to 
five healthy, adult, non-pregnant female rats (18 h fasted). 
This dose was equivalent to one-tenth of the conventional 
ZMT solution dose; after converting the human dose to the 
equivalent rat dose, according to Paget and Barnes.20 

A similar group served as negative control and was 
given 1 mL distilled water once. The rats were observed 
closely during the first 30 min after dosing. During the first 
24 h care was taken to report any mortalities, abnormal 
behavior, bowel habit changes, or abnormal respiration. In 
addition, any noticeable body weight (bwt) change from 
baseline bwt during the next fourteen days was also 
reported.21

Efficacy Studies of the Optimized ZMT-SNEDDS
For the induction of migraine, all the rats, with the exception 
of the negative control group, received NTG intraperitone
ally at a dose of 5 mg/kg every two days over a nine-day total 
period (5 total injections) according to the method by 
Pradhan et al.22

Eighty female Wister Albino rats weighing 175–190 
g were equally divided into eight groups, with two con
trol groups; a negative control group where rats received 
one mL distilled water orally during the experiment and 
a positive control group comprising the untreated 
migraine rats. The treated groups received the treatment 
orally, one hour after each NTG injection, and the treat
ment was administered as follows; two groups received 
conventional ZMT solution in doses of 0.225 and 
0.45 mg/kg (human dose 2.5 and 5 mg/kg converted to 
rat dose using Paget’s table). Two groups received ZMT- 
SNEDDS in doses (0.022 and 0.045 mg/kg), according 
to the results conducted from the acute toxicity study, 
and the final two groups received plain SNEDDS in 
doses of 0.25 and 0.5 mL. Animals were weighed at 
zero time and at the end of the experiment, with the 
amount of daily chow fixed throughout the experiment.

Twenty-four hours after the administration of the last 
treatment dose, animals were subjected to grid floor activ
ity cage testing to assess the effect of the tested agents on 
the behavior and psychological state during a five-minute 
test session for each rat. After that, the thermal test was 
carried out for the evaluation of the optimized SNEDDS 
analgesic effect.18 Detection of the effect of treatment on 

electrophysiological brain activity was carried out by elec
troencephalogram and electroconvulsive stimulation.

Electro encephalography (EEG) was performed on all 
rats under general anesthesia using standard conditions 
according to the 10–20 international electrode application 
system. Intermittent photic stimulations were carried out 
as a provocative technique.23

After that, half of the animals in each group were 
subjected to electroconvulsive stimulation under general 
anesthesia,24 by using single electroconvulsive shock 
(ECS) of pulse width 3 ms and frequency of 60-Hz stimuli 
at a strength of 10 mA. The time elapsed between the 
application of ECS and the occurrence of convulsions 
was calculated.

After performing EEG and ECS, all the animals were 
humanely sacrificed by decapitation under anesthesia. The 
animals on which ECS was performed were ruled out of 
the subsequent investigations that involved biochemical 
assays and histopathological examination.

The estimation of ZMT levels achieved from ZMT- 
SNEDDS and ZMT solution in rats’ brains was performed 
using HPLC.10 Structural and compositional changes in rats’ 
brains were determined using FTIR. The obtained group 
spectrum was normalized and analyzed for the following 
spectral regions: (i) NH–OH region at 3700–3000/cm−1; (ii) 
CH stretching region at 3000–2800/cm−1; and (iii) the fin
gerprint region at 1800–1000/cm−1, which includes the 
amide I band (1800–1600/cm−1). The average of the indivi
dual spectrum for each group was obtained using Origin Pro 
9 software (OriginLab Corporation, Northampton, MA 
01060, USA).25

To assess the metabolic changes in the brain, samples 
of soluble brain tissue were diluted to 1 mL with PBS (pH: 
8.2) and measured using UV-spectrophotometry. The spec
tra were drawn for all groups in the wavelength range 
200–340 nm.26

Histopathological and Immunohistochemical 
Examinations of Brain Tissues
Brain tissue samples were prepared for histopathologic 
examination, then scored as follows: 0 being normal; 1, 
mild damage; 2, moderate damage and 3, severe damage.27 

Neuron-specific enolase (NSE) immunoreactivity was 
assessed, and the lesions were scored: 0” for absolutely 
no staining (negativity); “Score 1” when the index was 
>10% slightly immunopositive cells (weak positivity); 
“Score 2” with a percentage of intense immunopositive 
neurons between 10 and 30% (moderate positivity); 
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“Score 3” with a percentage of intensely brown neurons 
>30% of the counted cells (strong positivity).28

Results and Discussion
The Investigation of ZMT Solubility in 
Different Essential Oils
Higher solubility of the drug in the oil phase is essential to 
enable higher drug loading and keep the drug solubilized 
and evade its precipitation upon dilution. The solubility of 
ZMT was found to be 59.375±3.72, 6.074±0.54, and 0.203 
±0.013 mg/mL in lavender, peppermint, and ginger oils, 
respectively. Lavender oil was selected for further formu
lating, as the significantly higher drug solubility (p<0.001) 
would also allow for the use of lesser amounts of oil in the 
formulation, and therefore emulsification is achievable 
utilizing smaller amounts of both the surfactant and co- 
surfactant.29

The Selection of Surfactants and 
Cosurfactants
Drugs’ solubilizing characteristics may not equally coin
cide with the surfactant’s high affinity for the oil. As 
a result, the choice of S/CoS was driven by the efficient 
emulsification of lavender oil as well as the ability to 
solubilize ZMT. Amongst the screened surfactants, 
P35HCO showed a significantly higher percentage of 
water incorporation (p<0.05), as seen in (Figure S2), 
which could be attributed to being the surfactant with the 
highest HLB.30

By promoting the diffusion of the oil into the surfactant 
molecules’ hydrophobic parts, cosurfactants can further 
lower the interfacial tension with a consequent boost to 
the fluidity of the interface.11 Upon screening of the CoS, 
Transcutol® HP was able to incorporate a significantly 
higher proportion of water (p<0.05), when compared to 
propylene glycol and lauroglycol™.

Phase Diagram Construction and 
Preparation of ZMT Charged SNEDDS
The ternary phase diagram of lavender oil along with 
P35HCO/Transcutol® HP as a S/CoS system was built to 
define the self-nanoemulsifying area. The diagram exhib
ited only a nuanced difference in the nanoemulsifying area 
after loading ZMT. The shaded area in the triangle, 
depicted in Figure S3, represents the zone in which 
SNEDDS form nanosized emulsion droplets with the 
help of gentle agitation. The observed wide area reflects 

high self-nanoemulsifying ability. These might be attribu
ted to the adsorption of S/CoS at the interface, which 
contributes to boosting the nanoemulsion stability through 
lowering interfacial energy and offering a mechanical bar
rier to avoid agglomeration and phase separation.17

In-vitro Investigations and Optimization 
of ZMT Loaded SNEDDS
Robustness to Dilution and Assessment of 
Self-Emulsification Efficiency of Various 
ZMT-SNEDDS
The capacity of SNEDDS to undergo dilution with no 
precipitation and/or phase separation is critical for applic
ability in drug delivery. Following their dilution, the 
formed nano-dispersions maintained their transparency 
with no signs of phase separation or drug precipitation 
for 24 h period. This indicated these systems were suited 
for oral use as they could travel through the GIT in the 
desirable nano globular form. The prepared systems man
ifested a high percentage transmittance of over 95%, indi
cating superior emulsification capacity with nanosized 
globules.31

Assessment of Self-Emulsification Time of Different 
ZMT-SNEDDS
Upon dilution, SNEDDS are expected to achieve rapid and 
complete dispersion under gentle agitation. Dispersion 
time was dependent on the composition, as seen in 
(Table 1). At the different oil levels, raising the surfactant 
concentration had a marked effect on increasing the emul
sification time. This is most likely owing to the high 
viscosity provided by P35HCO, which delays the water 
penetration into the colloidal or gel phases developed on 
the surface of the formulation.32 A similar effect was 
observed for increasing the oil concentration, which 
could be due to the shortage in the surfactant system at 
larger oil volumes. Analogous trends have been described 
by other researchers.33,34

Determination of Globule Size, Polydispersity Index 
and Zeta Potential of the Diluted ZMT-SNEDDS
Small droplet size is a hallmark for emulsion stability and 
the enhancement of drug bioavailability. Smaller droplets 
dispersed in the GIT would bring forth quicker drug diffu
sion and improved drug dissolution.17 The mean globular 
size of the diluted systems ranged from 13.97±0.06 nm to 
35.05±0.44 nm. Uniform globule size distribution was 
concluded from the low PDI values that ranged from 
0.101±0.011 to 0.351±0.001 for all formulae.
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Zeta potential identifies the charged surface of the 
globules, which in general is a pointer towards the physi
cal stability of the emulsion as the electrostatic repulsive 
forces between the globules guard against coalescence. 
Upon dilution, SNEDDS comprising lavender oil and 
P35HCO produced negatively charged emulsions with 
zeta potential in the range of −17.23±1.32 mV to −32.2 
±3.76 mV. The fatty acids in the oil phase and/or the 
surfactant are most likely responsible for the negative 
charge. Linolenic and linoleic acids account for more 
than 80% of the total fatty acids in lavender oil. The 
main building block of P35HCO is glycerol polyethylene 
glycol hydroxy-stearate, which composes the hydrophobic 
part together with fatty acid glycerol polyglycol esters.35,36

(Figure 1) shows the 3D response surface plots and the 
quantitative linear relationship between the anticipated 

value of all dependent variables and the resultant globule 
size, Zeta potential, and percent RE responses.

ANOVA analysis revealed a significant reduction in 
globule size (p<0.0001) that coincided with raising the 
surfactant concentration from 10% to 40%. The observed 
decrease could be attributed to the further lowering in the 
interfacial tension as the amount of surfactant is raised 
along with the accompanying decrease in the free energy 
that could cause the droplets to be deformed or disrupted. 
Furthermore, the formed surfactant film at the interface is 
more closely packed, thus hindering droplet coalescence 
and augmenting the emulsion stability.37 On the other 
hand, raising the oil concentration from 10% to 50% 
brought about a significant increase in globule size 
(p<0.0001). This might be explicable by a shortage in 
the emulsifier at the interface at higher oil levels. 

Figure 1 3D response surface plots and the quantitative linear relationship between resultant (A) Globule size, (B) % Zolmitriptan dissolution efficiency and (C) Zeta 
potential with that of the predicted value of all dependent variables.
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Additionally, the higher oil content may have resulted in 
emulsions with higher viscosities, thereby reducing the 
emulsification efficiency.38

Zeta potential statistical analysis revealed a non- 
significant effect of oil concentration (p=0.176). In con
trast, higher surfactant levels significantly lowered the zeta 
potential value (p<0.0001). Similar observations were 
reported on the effect of non-ionic surfactants on lowering 
zeta potential values above a critical concentration due to 
the expulsion of hydroxyl groups from the o/w interface, 
which can reduce the surface potential.37

In-vitro Dissolution Study of ZMT from the Prepared 
Systems Using Attenuated Total Reflection–Fourier 
Transform Infrared
Zolmitriptan is an anti-migraine drug, so fast dissolution is an 
essential requirement. Conventional analysis methods such 
as HPLC require frequent sampling and continuous replace
ment of the withdrawn solution, so continuous monitoring is 
advantageous as it can provide a complete real-time profile of 
the dissolution pattern of the active pharmaceutical agent. 
The method selectivity is enhanced by the utilization of FTIR 
real-time monitoring of the drug concentration due to the fact 
that FTIR spectra are considered as fingerprints for the mole
cules as they show the characteristic functional groups in the 
form of bands that confirm the structure39 (Figure 2A). ZMT 
is (4S)-4-({3-[2-(dimethylamino)ethyl]-1H-indol-5-yl} 
methyl)-1,3-oxazolidin-2-one and its FTIR spectrum shows 
the characteristic peaks of its structure, N-H stretching at 
3380 cm−1, C-H stretching at 2926 cm−1, and C=O stretching 
at 1738 cm−1.

The developed real-time ATR-FTIR method was vali
dated according to ICH guidelines by assessment of the 
following parameters:

a- Linearity and sensitivity: The obtained ZMT spectra 
were baseline corrected then the characteristic ZMT peak 
at 1745 cm−1 was selected for calibration (Figure 2A). The 
relationship between ZMT concentration and absorption 
was found to be linear as shown in Beer’s plot 
(Figure 2B), within a concentration range of (0.2–12 µg/ 
mL) with a small intercept (0.0005), Slope (0.0001), and 
correlation coefficient of (0.9891).

b- Accuracy and precision: The developed method accu
racy was found to be 98.7%, as ensured by applying the 
Beer-Lambert law for the quantification of different blind 
ZMT concentrations. The method repeatability (Intraday 
precision) was determined by analyzing three different 
ZMT concentrations three times within the same day, 

where the calculated RSD was 0.345. The same procedure 
was applied for the determination of ZMT concentrations 
during three different days, and the RSD was 0.946.

c- Robustness: The developed FTIR method was found to 
be robust and not affected by slight variations of the method 
parameters, such as the effect of flow rate fluctuation, which 
was studied by intentional change of the flow rate by ±0.1 mL/ 
min. Also, the effect of temperature fluctuation was studied by 
±0.5 change in dissolution temperature. The method was 
found to be stable and was not significantly affected by these 
changes, which ensured the method’s robustness.

d- Selectivity: FTIR spectrum is considered a fingerprint 
for each molecule, indicating its characteristic active func
tional groups, and thereby confirming its identity. So, by 
monitoring the obtained peaks, the identity of ZMT can be 
confirmed. Also, the overlay plot of the plain SNEDDS 
(formula without ZMT) and pure ZMT confirm the selectiv
ity of the method towards ZMT, as shown in (Figure S4).

(Figure 3A) depicts the results of ZMT dissolution from 
the different formulations in deionized water. All the pre
pared SNEDDS exhibited a rapid and almost complete drug 
dissolution within the first 10 minutes. The rapid dissolution 
could be credited to the rapid emulsification induced by the 
lower surface free energy of the system and the greater sur
face area caused by the small size of the globules.40 ANOVA 
analysis revealed that both, the oil and surfactant concentra
tions significantly affected the %DE (p<0.0001), which ran
ged from 68.67±1.4% to 82.37±1.2%. The %DE is directly 
influenced by globule size, which is in turn affected by the 
variation in oil concentrations, as discussed earlier.

Also, the increase in surfactant concentration would slow 
down the emulsification process due to noteworthy increases 
in the systems’ viscosity and thus retard the drug 
dissolution.32 The obtained dissolution results were in accor
dance with the emulsification times, where systems with 
faster emulsification time exhibited the highest dissolution 
efficiency. According to Design-Expert® software, the opti
mized formula was analyzed based on the following set of 
criteria; the oil concentration at 30%, globule size < 20 nm, 
ZP in range, and maximum %DE. Accordingly, F5 was 
selected as the optimized SNEDDS, with a desirability 
value of 0.632. Figure 3B details the gradual increase in 
ZMT concentration from F5 till its complete dissolution.

Ex-vivo Permeation Study of ZMT from the 
Optimized ZMT-SNEDDS
Relying solely on the in-vitro dissolution data might not be 
sufficient as a successful predictor of oral absorption and 
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in-vivo behavior. Permeation studies, carried out through 
excised living tissues, could provide valuable data pertain
ing to the rate and extent of drug absorption.33

SNEDDS F5 exhibited an evident boost in ZMT per
meation compared to that of ZMT solution, as shown in 
(Figure S5). The notable difference between the two drug 
forms could be ascribed to the formed nanosized emul
sions being colloidal carriers, which have been acknowl
edged to enhance the permeation of drugs formulated in 
SNEDDS and to the inherent permeation enhancing effects 

of the used excipients via alteration of membrane fluidity 
which allows for increased diffusion.41

Thermodynamic Stability of the Optimized 
ZMT-SNEDDS
Exposing the formula of choice (F5) to three freeze-thaw 
cycles did not exhibit any signs of instability, revealing the 
stability of the system. There was no phase separation or drug 
precipitation upon visual inspection, and statistical analysis 
indicated no significant variation in globule size, zeta potential 
and %DE (P>0.05).

Figure 2 FTIR spectrum of: (A) Zolmitriptan structure and its characteristic peaks and (B) Zolmitriptan calibration concentrations (0.2–12 µg/mL) and the inset shows the 
selected peak for calibration.
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Transmission Electron Microscopy of the Optimized 
ZMT-SNEDDS
As shown in (Figure S6), TEM of the reconstituted F5 
SNEDDS revealed spherical discrete oil globules with 
diameters in the range of 19 nm, which coincided with 
the results obtained using Zetasizer.

Pharmacological Study of the Optimized 
ZMT Loaded SNEDDS
Acute Toxicity Study of the Optimized 
ZMT-SNEDDS
Results of the Acute Toxicity study revealed no mortalities 
among rats within 14 days of administration of ZMT- 
SNEDDS and no changes in bowel habits or behavior of 

rats. Also, body weights of rats given ZMT-SNEDDS were 
within the normal range, showing an increase of 3.35% 
from baseline bwt before giving ZMT-SNEDDS, which is 
relatively consistent with the amount of food consumed 
and is considered normal for the age and duration of the 
experiment. However, it was significantly less than the 
negative control (Table 2).

Histopathologic examination of the renal tissue showed 
normal glomerular structure and intact tubular epithelial 
lining (Figure S7A). Those of the liver showed normal 
hepatic lobule histological structure (Figure S7B). All 
these findings denoted that ZMT-SNEDDS could be used 
in preclinical studies within safety margins of conven
tional selective serotonin agonist ZMT.

Figure 3 In-vitro Zolmitriptan dissolution: (A) Percentage Zolmitriptan dissolved from different formulations in deionized water and (B) FTIR spectra illustrating the change 
of Zolmitriptan concentration dissolved from F5 with time.
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Therefore, the acute toxicity study confirmed that 
ZMT-SNEDDS is non-toxic in a dose of 0.045 mg/kg. 
Accordingly, the selected doses for performing the efficacy 
study of ZMT-SNEDDS were 0.0225 and 0.045 mg/kg.

Efficacy Studies of the Optimized ZMT-SNEDDS
Regarding the Efficacy study in the present work, The nega
tive control group rats which received only distilled water 
throughout the experiment showed a mild increase in bwt of 
3.87%, while the positive control group showed a significant 
reduction of bwt of rats by 3.7% of baseline bwt. All treated 
groups showed a significant increase in % bwt of baseline 
weight when compared to the positive control group, but still, 
it was significantly less than that of the negative control 
group, which is most probably due to digestive system side 
effects such as dyspepsia and nausea that occur as a part of 
serotonin syndrome endured by patients treated with triptans 
including ZMT42 (Table 2).

The behavioral and sensation assessments were carried 
out by means of both; ambulation test using the grid floor 
activity cage to assess the rats’ psychological and evaluat
ing the integrity of peripheral sensations by means of the 
hot plate test. The negative control group recorded 99.5 
movements during the five minutes duration of the grid 
floor activity test, and assessment of algesia by using the 
hot plate revealed intact sensations because the rats’ 
response to temperature adjusted at 52 °C was rapid, as 
they licked their paws after 9 seconds, denoting normal 
withdrawal reflex in response to heat.

On the other hand, the positive control group devel
oped migraine-like symptoms in the form of a significant 
reduction in movements across the grid floor activity cage, 
to be 59.79% less than that of the negative group (Table 3), 
denoting loss of interest or a state of psychological indif
ference as in cases of depression which accompanies 

Table 2 Effect of Treatment on Body Weight (Bwt) in Acute Toxicity and Efficacy Studies

Group Negative 

Control

Positive 

Control

ZMT 

Solution 

(0.225 mg/ 

kg)

ZMT 

Solution 

(0.45 mg/ 

kg)

ZMT- 

SNEDDS (0.022 mg/ 

kg)

ZMT- 

SNEDDS 

(0.045 mg/ 

kg)

Plain 

SNEDDS 

(0.25 mL)

Plain 

SNEDDS 

(0.5 mL)

Acute 

toxicity 

Study bwt 

(g)

Baseline 179±2.08 179±2.08 ——— ———– ———– ———– ——— ———

After 14 days 188.3±4.4 185±1.15 ——— ——— ——— ——— ——— ———

% change of body 

weight

5.19±0.1 3.35±0.01a ——— ———– ———– ———– ——— ———

Efficacy 

Study bwt 

(g)

Baseline 180.7±0.66 180.7±0.66 180.7±0.66 180.7±0.66 180.7±0.66 180.7±0.66 180.7±0.66 180.7±0.66

After 9 days 187.7± 2.33 174±4.58 181±1 184.3±4.9 182±2.3 186±5.5 184± 3.78 181.7±0.33

% of change of 

body weight

3.87±0.05 3.7±0.03a 0.16±0.001 a, 

b

1.99±0.02 a, 

b

0.71±0.006 a,b 2.93±0.02a,b 1.82 

±0.008a,b

0.55 

±0.004a,b

Notes: N=5 for acute toxicity study, N=10 for efficacy study. Results of body weight of rats (bwt) expressed as means of g ±S.E. Statistical analysis was done using One-way 
analysis of variance ANOVA followed by Tukey Kramer multiple comparisons test. Difference was considered significant at (P<0.0001). aSignificantly different from negative 
control, bSignificantly different from positive control.

Table 3 Comparison of the Effects of Treatment with Selective Serotonin Agonist Zolmitriptan (ZMT) vs ZMT-SNEDDS and Its Plain 
Preparation Containing Lavender Oil on Psychological State Tested by Using the Grid Floor Activity Cage and Their Analgesic Effect 
Tested by Using Hot Plate Thermal Test

Group Negative 
Control

Positive 
Control

ZMT 
Solution 

(0.225 mg/ 
kg)

ZMT 
Solution 

(0.45 mg/ kg)

ZMT- 
SNEDDS 

(0.022 mg/kg)

ZMT- 
SNEDDS 

(0.045 mg/kg)

Plain 
SNEDDS 
(0.25 mL)

Plain 
SNEDDS 
(0.5 mL)

Activity 

Cage

Number of 

movements /5 

minutes

99.5±3.06 40± 2.08a 85.5±1.25a,b,c 98±3.71b,c,d 86.5±2.55a,b,c 99±2.27b,c,d 63.58±1.84a,b 83.67±4.17 
a,b,c

Hot 

Plate

Onset in 

seconds

9±0.4 6.5±0.64 12.18±0.73b 12.33±0.96b 9.86±0.51d 13.98±1a,b 10.9±1.12 b 10.6 ±0.22 b

Notes: N=10.Results of grid floor activity cage for psychological state assessment were expressed as means of number of movements/5 minutes ±S.E. Results of hot plate 
test for algesia were expressed as means of seconds elapsed before licking the paw ±S.E. Statistical analysis was done using One-way analysis of variance ANOVA followed by 
Tukey Kramer multiple comparisons test. Difference was considered significant at (P<0.05). aSignificantly different from negative control, bSignificantly different from positive 
control, cSignificantly different from plain formula low dose, dSignificantly different from plain formula high dose.
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severe pain.43 Moreover, the latency period elapsed till the 
rats licked their paws in the hot plate test was less than that 
of the negative control group by 27.77% (Table 3), indi
cating a form of neuropathic pain that occurs due to 
lesions in the nervous system.44

The occurrence of pain in association with depression 
is explained by the interrelation of pro-inflammatory cyto
kines and reduced serotonin in the brain.45 This explains 
the relation between the findings of the hot plate test and 
the activity cage test in the rat model of migraine in our 
study. It also explains the subsequent improved results of 
these tests for rats treated with serotonin agonist either as 
ZMT solution or ZMT-SNEDDS; as the movements of rats 
increased significantly for the treated rats compared to the 
positive control group to be more by 113.75, 145, 116.25, 
147.5, 58.95 and 109.17% for ZMT solution (0.225 and 
0.45 mg/kg), ZMT-SNEDDS (0.022 and 0.045 mg/kg) and 
plain SNEDDS containing lavender oil (0.25 and 0.5 mL), 
respectively. It is noteworthy that the highest increase in 
ambulation was observed for the groups treated with high 
doses of both ZMT solution and ZMT-SNEDDS (Table 3).

In addition, the latency for paw licking in hot plate 
increased significantly compared to positive control group 
by 87.38, 89.69, 51.69, 115.07, 67.69 and 63.07% for 
ZMT solution (0.225 and 0.45 mg/kg), ZMT-SNEDDS 
(0.022 and 0.045 mg/kg) and plain SNEDDS containing 
lavender oil (0.25 and 0.5 mL), respectively. It is obvious 
that ZMT-SNEDDS high dose exhibited the highest 
analgesic effect (Table 3). The analgesic effect of lavender 
was explained by Sanna et al, who stated that lavender oil 
administered to mice in a single dose of 100 mg/kg 

alleviated neuropathic pain and its efficacy was compar
able to that of pregabalin. They attributed the effect of 
lavender oil to the marked reduction in inducible nitric 
oxide synthetase level in the nervous system and the 
marked reduction of ERK1, ERK2, and JNK1 phosphor
ylation, in addition to the inhibition of the endocannabi
noid degradation enzymes” fatty acid amide hydrolase”.46

When electrical signaling of the brain was assessed by 
EEG for further investigations of the effect of treatment 
with ZMT-SNEDDS and plain SNEDDS containing laven
der in comparison to ZMT solution, the background activ
ity for all groups was within the normal alpha range. There 
were no definite focal or paroxysmal discharges and no 
evidence of slowing or fast activities denoting normal 
brain electrical signaling (Table 4).

ECS was also done for the confirmation of the previously 
mentioned in-vivo findings as the delay in the onset of con
vulsions in response to ECS denotes normal activity. The 
negative control group exhibited the longest latency period 
among all tested groups, as the rats started mild seizures after 
12 seconds of exposure to ECS single shock, but the result 
was not significantly different from other groups (Table 4).

HPLC assay was used to detect the concentration of ZMT 
that reached the brain from the solution and SNEDDS when 
given in high and low doses to correlate the concentration in 
the brain with the pharmacological effect achieved as well as 
the histopathological and histochemical parameters. The con
centration of ZMT achieved from SNEDDS low dose was 
85% less than that attained from ZMT low dose solution. The 
concentration of ZMT from SNEDDS high dose was less 
than that from ZMT high dose solution by 68.61%. However, 

Table 4 Comparison of the Effects of Treatment with Selective Serotonin Agonist Zolmitriptan (ZMT) vs ZMT-SNEDDS and Its Plain 
Preparation Containing Lavender Oil on Electrical Signaling and Seizure Onset in the Brain Investigated by Electro Encephalogram 
(EEG) and Electroconvulsive Shock Stimulation Test (ECS)

Group Negative 
Control

Positive 
Control

ZMT 
Solution 
(0.225 
mg/kg)

ZMT 
Solution 

(0.45 
mg/kg)

ZMT- 
SNEDDS (0.022 mg/kg)

ZMT- 
SNEDDS 

(0.045 
mg/kg)

Plain 
SNEDDS 
(0.25 mL)

Plain 
SNEDDS 
(0.5 mL)

EEG Cycles/ 
seconds

8±0.5 13±0.5a 11±0.3a 10±0.58b,c, 

d

12.33±0.33a 12.67±0.3a 11.67±0.6 a 13±0.5a

ECS Onset 
in 

seconds

12 10±1 9.5±0.5 11.5±0.5 9.5±0.5 9.5±0.5 10 10

Notes: N=5. Results of EEG were expressed as means of number of cycles/seconds ±S.E. Results of ECS were expressed as means of seconds elapsed before seizures 
occured ±S.E. Statistical analysis was done using One-way analysis of variance ANOVA followed by Tukey Kramer multiple comparisons test. Difference was considered 
significant at (P<0.05). aSignificantly different from negative control, bSignificantly different from positive control, cSignificantly different from ZMT-SNEDDS low dose, 
dSignificantly different from plain formula low dose.
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the effects of the low and high doses of ZMT from ZMT- 
SNEDDS versus those of ZMT solution on in-vivo para
meters were not significantly different (Table 5). 
Expectedly, there was no evidence of ZMT in brain tissue 

homogenates of the negative control, positive control, or plain 
treated groups as they did not receive the drug (Table 5).

FTIR spectroscopy is a strongly reliable technique to 
investigate the structural, conformational, and functional 

Table 5 Level of Zolmitriptan (ZMT) in Brain Homogenate of Rats Receiving Conventional Therapy and ZMT-SNEDDS Measured by 
HPLC (µg/mL)

Group Negative 
Control

Positive 
Control

ZMT 
Solution 

(0.225 mg/kg)

ZMT 
Solution 

(0.45 mg/kg)

ZMT- 
SNEDDS 

(0.022 mg/kg)

ZMT- 
SNEDDS 

(0.045 mg/kg)

Plain 
SNEDDS 
(0.25 mL)

Plain 
SNEDDS 
(0.5 mL)

Concentration of ZMT in 

brain Homogenate (µg/ 

mL)

———- ——— 183.3±16.87a 197.8±12.28 a 27.48±2.37b,c 62.07±2.93 a,b,c —— ——

Notes: N=5.Results of HPLC were expressed as means of level of ZMT (µg/mL) in brain tissue homogenates ±S.E. Statistical analysis was done using One-way analysis of 
variance ANOVA followed by Tukey Kramer multiple comparisons test. Difference was considered significant at (P<0.05). aSignificantly different from negative control, 
bSignificantly different ZMT low dose, cSignificantly different from ZMT high dose.

Figure 4 FTIR determination of structural and compositional changes in brain.
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states of biological molecules.47 FTIR spectroscopy 
(Figure 4), was done as a qualitative confirmatory test 
based on the established hypothesis of the serotonergic 
agonistic effect of ZMT, and to compare the effect of 
ZMT-SNEDDS on tryptophan (serotonin precursor) detec
tion in brains of rats treated with both solution and 
SNEDDS, in addition to those treated with the plain 
SNEDDS containing lavender oil.

The average spectra of the negative control, positive 
control, and treated rats’ brain cell homogenates in the 
3000–4000 cm−1 and 1000–2000 cm−1 spectral regions are 
shown in Figure 4. The spectral parameters of the negative 
and positive control groups varied from each other notice
ably, indicating that NTG-induced migraine caused marked 
structural and compositional changes in brain homogenates. 
The ZMT-SNEDDS high dose and plain SNEDDS treated 

groups spectra were close to the negative control group’s 
spectra. No marked variations were observed between the 
negative control and ZMT-SNEDDS high dose treated 
groups. These results suggest the protective effect of 
SNEDDS against NTG-induced alterations. Since analogues 
of oleamides allow selective serotonin receptor subtype 
modulation,48 amide bands detected at 1000–2000 cm−1 

give hints on proteins in the brain pointing to tryptophan 
which is a serotonin precursor.

UV-spectrophotometry (Figure 5) was carried out to 
elucidate the mechanism of structural changes in between 
groups. The negative control group spectrum profile 
showed that the optical absorption of proteins was at 200 
nm. All groups had the same optical absorption wave
length but different peaks. There is no significant struc
tural change between all groups.

Figure 5 UV-spectrophotometric determination of metabolic changes in brain.
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Histopathological and Immunohistochemical 
Examinations of Brain Tissues
Histopathological and immunohistochemical studies con
firmed the results of in-vivo efficacy experiments. 
Histopathological examination revealed that the best effect 
was achieved by the high dose of ZMT-SNEDDS as it 
showed normal histological architecture of cerebral cortex 
with normal arrangement of cells as negative control rats 
with score (0), followed by high dose of ZMT solution and 
low dose of ZMT-SNEDDS scoring 1, while ZMT solution 
low dose treated rats scored 2. On the other hand, animals 
given a low and high doses of plain SNEDDS had the 
same histological image as the untreated group scoring 3.

Results of immunohistochemical studies of the cerebral 
cortex of negative control rats’ specimens that were NSE 
stained revealed no detectable stain score (0), as illustrated 
in Figure S16. The positive control group showed score (3), 
in which most of the cortex was stained and characterized 
by an increase in NSE reactivity (Figure S17). Low dose 
ZMT solution scored (2) with a percentage of intense immu
nopositive neurons between 10 and 30% (Figure S18). High 
dose ZMT solution and Low dose ZMT-SNEDDS scored 
(1) with index >10% slightly immunopositive cells (Figures 
S19 and S20). On the other side, high ZMT-SNEDDS 
revealed no detectable stain score (0) (Figure S21). Low 
and high doses of plain SNEDDS displayed the same pic
ture of induction group score (3) in which most of the cortex 
was stained (Figures S22 and S23).

The pain encountered by the migraine model in our study 
can be due to vasodilatation of cerebral blood vessels induced 
by NTG, which is an effective precursor of nitric oxide 
(NO),49 and also can be due to inflammation of meninges 
that are pain-sensitive due to trigeminal afferents irritation by 
neuronal pannexin-1, followed by Caspase-1 activation, then 
pro-inflammatory mediators release and nuclear factor 
kappa-B activation, finally inflammatory signals spread 
around the pia mater vessels.49 Moreover, NO can be pro
duced significantly by the cerebrovascular endothelial cells 
and plays a crucial role in the inflammatory process of brain 
cells.50 However, these effects and the associated depression 
symptoms, as well as the histopathologic and immunohisto
chemical changes, were counteracted and ameliorated by the 
administration of ZMT solution and ZMT-SNEDDS in both 
doses. Moreover, the plain SNEDDS containing lavender oil 
showed a promising effect on these symptoms, which may 
enforce the hypothesis of the possibility of its synergistic 
effect with ZMT in the ZMT-SNEDDS formula.

Conclusion
ZMT is a selective serotonin agonist “triptan”, used for 
the treatment of migraine, yet its reported side effects 
may reduce patient compliance. Therefore, it is worth
while considering another formulation approach that 
offers the same efficacy in alleviating migraine symp
toms but can be given in lower doses to reduce its side 
effects, which was achievable by ZMT-SNEDDS. The 
optimized ZMT-SNEDDS F5 exhibited nanosized glo
bules with a better extent of permeation compared to 
that of ZMT solution. Its fast dissolution was success
fully monitored in real-time by the integration of ATR- 
FTIR technique in a continuous flow circulation. ZMT 
concentration in brain tissue attained from F5 was much 
lower than that from conventional ZMT solution for 
each dose level, whereas their effects were comparable, 
confirming F5 superiority and effectiveness. Lavender 
oil showed a promising effect in relieving pain, suggest
ing its value as a supplement for migraine treatment. 
Accordingly, the synergistic effect achieved by lavender 
oil in ZMT-SNEDDS offers a high potential effect in 
relieving migraine pain. However, all these promising 
effects of the novel preparation ZMT-SNEDDS contain
ing lavender oil should be further subjected to clinical 
trials before administration to patients.
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