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Abstract
The objective of the current research study was to formulate the PEGylated lipid polymer hybrid nanoparticles of ergotamine 
and caffeine for intranasal administration with higher entrapment efficiency, better permeability, desirable controlled release 
pattern, and significant brain uptake in animal studies. A single-step nanoprecipitation method was employed in the process-
ing of self-assembled hybrid nanoparticles constituting polymer PLGA, lipids soya lecithin, and DPPC with PEGylation 
using polyethylene glycol (PEG-2000). The optimal lipid/polymer weight ratio of 15% w/w showed lower particle size of 
239.46 ± 2.31 nm with good colloidal stability depicted by zeta potential (− 18.36 ± 6.59 mV), higher entrapment efficiency of 
86.88 ± 1.67%, and controlled release profile when evaluated for in vitro and ex vivo studies as 97.12 ± 2.79% and 75.13 ± 5.62% 
release, respectively, for 48 h. The formulation showed long-term serum stability when incubated in bovine serum albumin 
and displayed high brain uptake (4.35-fold) offering significant permeability in the brain post-intranasal administration via 
olfactory route. Histopathological investigations and serotonin toxicity studies in animals confirmed the safe and non-toxic 
nature of the formulation while the acetic acid writhing test proved the anti-hyperalgesic activity. The PEGylated lipid polymer 
hybrid nanoparticles of ergotamine and caffeine showed synergistic activity with efficacious higher anti-migraine potential.
Highlights

•	 PEGylated lipid polymer hybrid nanoparticles exhibit a core–shell assembly with higher loading efficiency, biocompat-
ibility, and enhanced steric stability.

•	 Hybrid nanoparticles using combination of drugs illustrated long-term serum stability.
•	 Ergotamine hybrid nanoparticles demonstrated higher uptake and sustained presence in brain.

Keywords  ergotamine · hybrid nanoparticles · lipid/polymer weight ratio · nanoprecipitation · serotonin syndrome · serum 
stability

Abbreviations
ERT	� Ergotamine tartrate
CFN	� Caffeine
HNPs	� Hybrid nanoparticles
PEG	� Polyethylene glycol
CNS	� Central nervous system
5-HT	� 5-Hydroxy tryptamine
CMC	� Critical micelle concentration
RES	� Reticuloendothelial system
BSA	� Bovine serum albumin

Tm	� Melting transition temperature
PXRD	� Powdered X-ray diffraction
ATR-FTIR	� Attenuated total reflection-Fourier transform 

infrared
DSC	� Differential scanning colorimetry
NMR	� Nuclear magnetic resonance
SEM	� Scanning electron microscopy
IAEC	� Institutional Animal Ethics Committee
PVDF	� Polyvinyl diflouride
BCS	� Biopharmaceutical Classification System

Introduction

Nanotechnology employs nano-dimensional structures to 
deliver chemical agents ranging from small size actives, pro-
teins, and genes to diagnostic agents [1, 2]. Among various 
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nanoparticulate formulations, two classes of nano-system like 
polymer-based and lipid-based nanostructures are investi-
gated. Each class of these nanoparticulate structures possesses 
advantages like steric stabilization, higher payloads, and bio-
compatibility, whereas disadvantages like drug leakage and 
low entrapment. Lipid nanoparticles display drawbacks like 
absence of structural integrity resulting in drug leakage and 
poor storage stability while polymeric nanoparticles demon-
strate low encapsulation and inadequate release of drugs with 
plasma fluctuations [3, 4]. To overcome such limitations, a 
novel class of delivery vehicle emerged as lipid polymer hybrid 
nanoparticles (HNPs) that exhibit the complementary charac-
teristics of physical stability and biocompatibility [5, 6]. The 
HNP structure constitutes three functional components in the 
form of an inner core of polymer containing therapeutic drug 
(BCS class II and IV) with high payload, surrounded by a layer 
of lipids around the core of polymer that offers biocompat-
ibility and augments drug retention within the polymer core. 
Moreover, the third layer of lipid-PEG enhances stability and 
prolongs in vivo circulation time by steric stabilization [7–9]. 
The polymer core and surrounding lipid layers are linked via 
van der Waals forces of attraction or hydrophobic interactions, 
whereas the water-soluble polymer core is coupled via covalent 
bonds with the surrounding lipids in hybrid nanoparticles [10, 
11]. Most HNPs are synthesized by the single-step method 
that comprises simple mixing of aqueous dispersion of lipids 
with organic solution of polymer using the nanoprecipitation 
method to exhibit cost-effectiveness and scalability [12, 13].

In HNPs, the lipid/polymer (L/P) weight ratio is important 
such that an optimum L/P weight ratio of 15% w/w is required 
to adequately coat the polymer core uniformly and offer mono-
disperse nanoparticles [14]. Higher L/P weight ratio resulted 
in higher lipid concentration than critical micelle concentra-
tion (CMC) leading to the formation of liposomes of lipids 
other than HNPs, whereas lower L/P weight ratio leads to HNP 
aggregation because of incomplete lipid coating [15]. Valencia 
et al. demonstrated the ideal ratio of 1:10 for lipid:PLGA by 
varying the amounts of lipids and polymer PLGA from 1:1, 
1:10, to 1:1000 with the measurements of zeta potential and 
particle size of hybrid nanoparticles using microfluidics rapid 
mixing for nanoprecipitation of the polymer [16]. The opti-
mal ratio of 1:10 for lipid to polymer provided homogenous 
and stable nanoparticles with adequate lipid coverage and the 
molecular weight of PLGA and the end-group of lipids deter-
mined the charge on particles [17]. Based on the prior literature 
and studies, this research work focused on optimizing the L/P 
weight ratio in a range of 10 to 25% w/w with characterization 
of nanoparticles using anti-migraine compound ergotamine 
tartrate (ERT) and caffeine (CFN) selected as the solubilizer 
and permeation enhancer for ERT [18, 19]. For migraine treat-
ment, ERT is considered the first choice owing to its structural 
similarity to many neurotransmitters like dopamine, serotonin, 
and 5-hydroxy tryptamine. ERT exhibited instability to heat, 

light, and moisture, and its marketed formulations with caf-
feine as a CNS stimulant, such as film-coated tablets, orally 
disintegrating tablets and suppositories, showed poor bio-
availability. Hence, the present work focused mainly on stabi-
lization of the active (ERT) by nanoencapsulation technique 
to improve its stability and further use of intranasal route to 
enhance its absorption in brain via olfactory route by bypassing 
the blood–brain barrier. Use of biomimetic lipids like leci-
thin and DPPC form spherical-shaped nanoparticles due to 
their self-assembling characteristics. The polymer of choice 
was PLGA because of its biodegradable nature and FDA-
approval status for medical applications. Further, PEGylation 
of nanoparticles assist to improve the in vivo circulation time 
by imparting stealth properties [20, 21]. The current research 
work aimed to design a PEGylated lipid polymer hybrid nano-
particles using PLGA polymer, lecithin, and DPPC lipids and 
PEGylation performed using polyethylene glycol (PEG-2000) 
for higher entrapment efficiency, good permeability, and con-
trolled release rate of ERT with long-term serum stability and 
higher brain uptake. The research work also aimed to prove 
safe and non-toxic nature of hybrid nanoparticles for intranasal 
use by conducting serotonin toxicity studies and histopatho-
logical evaluation.

Materials and Methods

Materials

Resomer® RG 503 H (poly-acid terminated, lactide: gly-
colide 50:50, MW: 24,000–38,000) was procured from 
Evonik, USA. Lipoid S 100 (phosphatidylcholine from 
soyabean) was obtained from Lipoid, Germany. Ergotamine 
tartrate (ERT) was purchased from Teva Czech Industries, 
Czech Republic. CFN was received as gift sample from Aarti 
drugs, Mumbai, India. Polyethylene glycol (PEG-2000, MW: 
1900–2200) was obtained from Merck (USA). Water puri-
fied from MilliQ® Integral Water Purification System was 
used for preparation and analysis. Analytical reagent grade 
chemicals were used throughout the experiments.

Methods

Self-assembled HNPs for ERT were prepared using single-
step nanoprecipitation technique [4], wherein Resomer and 
ERT were dissolved in acetone under magnetic stirring to 
form a clear solution. Aqueous lipid dispersion phase con-
sisting of DPPC and soya lecithin in a ratio of 2:1 with 
the hydrophilic drug CFN dispersed in water which was 
heated at 65–70°C, above the Tm (melting phase transi-
tion temperature) of lipids to form milky uniform disper-
sion. The organic polymer phase was added to aqueous 
lipid dispersion phase drop-wise under homogenization 
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(Homogenizer, Remi, India) resulted into polymer nan-
oprecipitation and self-assembly of lipids around the 
polymeric core linked via hydrophobic interactions. The 
solvents were then removed from the nanosuspension by 
stirring it at ambient temperature for 2 h. The nanoparticles 
were then given stealth properties after addition of 1 mL 
PEG-2000 solution (10% v/v) to the nanosuspension by 
probe sonication with a 30% amplitude pulse ON/OFF for 
15 s and subjected to such three cycles. Lipid hydrophobic 
tails were attached to the ERT-containing polymer core of 
PLGA, and hydrophilic heads with CFN were bonded to 
the surrounding environment to produce HNPs with steric 
stabilization by PEG-2000. Using solvent evaporation, the 
HNPs were then further centrifuged at 2000 rpm (Remi, 
India) for 15 min to remove extra lipids and polymer [22]. 
The particle size and PDI of hybrid nanoparticles depended 
on polymer PLGA concentration, mixing speed during 
addition of polymer and lipid, and solvent-volume ratio. 
The final nanosuspension was lyophilized in a freeze drier 
(Labconco, USA) for 24 h and abbreviated as HNP. The 
blank formulation was prepared using the same method 
of preparation without drugs and abbreviated as HNP-PL.

Experimentation

The experiments were conducted to optimize the lipid/
polymer weight ratio to achieve the stable and homogenous 
hybrid nanoparticles and their characterization is shown in 
Table I. The polymer PLGA concentration varied while lipid 
concentration was kept constant to get the various L/P weight 
ratios and the impact of ratio evaluated based on the charac-
teristics of HNPs.

Characterization of Optimized Hybrid Nanoparticles

Zeta Potential Measurements, Particle Size Analysis, 
and Polydispersity Index

The prepared HNPs were characterized for particle size 
by employing Malvern Zetasizer, UK, which operates on 
a dynamic light scattering approach. Surface zeta poten-
tial is the electrokinetic potential on the surface of hybrid 

nanoparticles measured using the Malvern Zetasizer [23]. 
Adequate dilutions of the formulations HNP-01, HNP-
02, and HNP-03 were performed using double distilled 
water (MilliQ, France) and measurements were taken in 
triplicate.

Drug Entrapment Efficiency (% EE)

In the % EE measurements, the lyophilized hybrid nano-
particles HNP-01, HNP-02, and HNP-03 were weighed as 
33.53 mg of solids which is equivalent to 1 mg of ERT and 
30 mg of CFN, mixed with 10 mL with phosphate buffer pH 
6. This aqueous dispersion was filtered and the supernatant 
was evaluated for free drug using UV–visible spectrophotom-
eter (PerkinElmer, USA). The aqueous dispersions of HNP 
formulations were centrifuged (Remi, India) at 8000 rpm 
for 30 min at 25°C, and the supernatant solution was filtered 
through a Nylon membrane filter (Millipore, USA). The filtrate 
was examined by UV–visible spectrophotometer at the wave-
lengths of 240 and 273 nm for ERT and CFN, respectively. % 
EE was calculated using the following formula:

In Vitro Release Studies

In vitro release studies for ERT and CFN were conducted by 
means of Franz diffusion cell using dialysis membrane (Mw: 
10,000–12,000, Himedia Labs, India) in phosphate buffer pH 
6 with temperature maintained at 37°C ± 0.5°C. Formulations 
(HNP-01, HNP-02, and HNP-03) were weighed accurately and 
dispersions prepared in 3 mL of phosphate buffer pH 6. Since 
the HNP formulations developed using biodegradable and 
controlled-release polymer PLGA, the in vitro release study 
was performed for an extended period of 48 h. Sample aliquots 
were withdrawn as per the protocol at scheduled timepoints 
of 0.5,1,2, 3, 4, 6, 24, and 48 h and studied using UV–visible 
spectrophotometer (Perkin Elmer, USA) at the wavelengths of 
240 nm for ERT and 273 nm for CFN.

In Vitro Stability in Serum

The stability of serum in nanoparticles is a fundamental aspect 
of drug delivery in vivo as most of the polymer-based and 
lipid-based nanoparticles showed drug leakages due to signifi-
cant membrane permeability [24]. To evaluate the drug leak-
ages in serum, HNP formulations were incubated in a solution 
of 1 mg/mL of 10% bovine serum albumin (BSA), kept at 
37°C with gentle magnetic stirring. Aliquots of HNP solutions 
were withdrawn at predefined intervals to measure particle size 
and PDI by Malvern Zetasizer Nano-ZS 90, UK. A polymer-
based nanoparticle formulation prepared constituting PLGA 

% EE =

(

Quantity of drug encapsulated in hybrid nanoparticles

Total quantity of drug added

)

× 100

Table I   Formulation Chart of HNPs

S. no Formulation 
code

L/P weight 
ratio

Polymer 
PLGA 
concentration 
(mg)

Level of PLGA

1 HNP-01 10% 30  + 1
2 HNP-02 15% 20 0
3 HNP-03 25% 10 -1
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polymer for comparison with HNPs incubated in 10% BSA 
solution for 8 h to evaluate any change in particle size.

Based on the above characterization, the optimized formu-
lation of hybrid nanoparticles HNP-02 was selected for evalua-
tion of ex vivo release, attenuated total reflection-Fourier trans-
form infrared (ATR-FTIR), differential scanning colorimetry 
(DSC), XRD, 1H nuclear magnetic resonance (NMR), SEM, 
and in vivo and stability studies.

Ex Vivo Release Study

The ex vivo drug release studies were performed on goat 
nasal mucosa procured from a nearby slaughterhouse 
located in Vile Parle, Mumbai, India. The nasal mucosa 
was carefully taken from the animal after it was slaughtered, 
cleaned, and submerged in a cold phosphate-buffered solu-
tion pH 6 for 2 h. Serosal surface of the mucosal membrane 
faced the recipient chamber while the mucosal surface was 
positioned between the donor and receiver chambers of 
the Franz diffusion cell device. The receiver chamber was 
filled with 20 mL of phosphate buffer 6, which was then 
swirled slowly at 300 rpm while maintaining the tempera-
ture at 37° ± 0.5°C. The formulation HNP-02 was accurately 
weighed and examined for ex vivo study with aliquots with-
drawn at pre-defined timepoints of 0.5, 1, 2, 3, 4, 6, 24, and 
48 h. Further analysis was conducted utilizing UV–visible 
spectrophotometer (Perkin Elmer, USA) at the wavelengths 
of 240 nm for ERT and 273 nm for CFN.

Attenuated Total Reflection‑Fourier Transform Infrared 
Spectroscopy

The infrared spectra of ERT, CFN, blank HNP-PL and for-
mulation HNP-02 were examined using ATR-FTIR spectro-
photometer (Perkin Elmer, USA) with wavelength ranging 
from 500 to 4000 cm−1 and resolution of 4 cm−1.

Differential Scanning Colorimetry

Accurately weighed samples of ERT, CFN, and formulation 
HNP-02 were evaluated employing DSC (Mettler Toledo, 
DSCI/500, Switzerland) at the temperature ranging from 
50 to 350°C with a 10°C/min scanning rate under an inert 
nitrogen atmosphere.

Powdered X‑ray Diffraction Studies

The crystallinity of pure drugs ERT and CFN was studied 
with optimized formulation HNP-02 using Rigaku Smart-
Lab Powder X-ray diffractometer (Rigaku Corporation, 
Japan). The samples were analyzed in triplicate by irradi-
ating with CuK α radiation at 45 kV, 2 theta angle range of 
0°–90°, and a scanning rate of 3°/min.

1H Nuclear Magnetic Resonance

The 1H NMR spectra estimate nuclear spin in samples 
using 60-MHz NMR spectrometer (Spinsolve-60 carbon, 
Magritek, Germany). Samples of ERT, CFN, blank HNP-
PL, and hybrid nanoparticles HNP-02 were measured using 
deuterated DMSO.

Morphological Analysis

Scanning electron microscopy was used to evaluate the sur-
face morphology of the hybrid nanoparticle HNP-02 and the 
blank HNP-PL (SEM, Zeiss, Germany). The surface mor-
phology of the test samples was analyzed using a narrow 
beam of electrons after mounting on the aluminum stubs 
using adhesive tapes which were previously coated with 
platinum alloy under vacuum.

Animal Studies

Pharmacokinetics Study  Animal studies were conducted on 
Sprague–Dawley male rats weighing 200 ± 30 g in compli-
ance with the approved protocol from Institutional Animal 
Ethics Committee (IAEC) with protocol number of CPC-
SEA/DIPS/150322/25. Prior to initiation of pharmacokinet-
ics study, the animals were fasted for 18 h and allowed free 
access to food and water with the utmost care taken during 
studies to avoid any discomfort to animals [25]. For study, 
the animals were divided into 3 groups (n = 3) with pure 
drug ERT as standard group, control (normal saline), and 
test formulation HNP-02 administered via an intranasal route 
with the help of micropipette. Post-administration of formu-
lation, the brain tissues were collected from each group for 
the estimation of drug content using HPLC method. Animals 
were sacrificed at selected timepoints by cervical disloca-
tion and brains were carefully dissected out. The dissected 
brain further rinsed with sufficient volume of normal saline, 
homogenized using polytron homogenizer (Kinematica AG, 
Switzerland), and precipitated using methanol as a dilu-
ent. These diluted methanolic samples were centrifuged at 
7000 rpm, 15 min for removal of any suspended debris, and 
subjected to analysis with HPLC parameters as BDS Hyper-
sil C8 column, and mobile phase (formic acid: methanol, 
30:70) with a column flow rate of 1.0 mL per min and UV 
detector at a wavelength of 240 nm.

Pharmacodynamics Study  The pharmacodynamics study 
was conducted employing the acetic acid writhing test 
that induces hyperalgesia, the most significant symptom 
of migraine in serotonin-controlled animals. Male Wistar 
rats weighing between 180 and 220 g were housed in ven-
tilated cage system with five animals in each group. Three 
groups were formed wherein the first group of animals was 
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administered the test sample HNP-02 intranasally equivalent 
to 1 mg of ERT, the second group administered pure drug 
abbreviated as ERT treated, and normal saline administered 
to the third group denoted as control. All three groups were 
later injected with acetic acid injection of 0.3% w/v via intra-
peritoneal route. The acetic acid injection acts as an irritant 
generating pain in animals mimicking pain as in migraine. 
Anti-hyperalgesic activity was determined as the count of 
abdominal constrictions observed during the 15-min interval 
post-acetic acid injection 0.3% w/v.

Histopathology Evaluation of Brain Tissues  The brain tis-
sue was carefully removed after pharmacokinetics studies 
and immersed in formalin solution for 2 h. Hematoxylin 
and eosin were used to stain the samples and then exam-
ined using an optical microscope (AX80, Olympus, Tokyo, 
Japan). The tissues were observed for any abnormalities 
like presence of inflammation, degeneration, necrosis, or 
hemolysis [26].

Serotonin Toxicity Studies

Serotonin toxicity is a potentially life-threatening condi-
tion observed due to higher serotonin levels in the body that 
result in to change in mental status, autonomic hyperactiv-
ity, and neuromuscular abnormalities. Overstimulation of 
post-synaptic 5-HT1A and 5-HT1B receptors leads to an 
increase in serotonin levels caused by a certain class of 
drugs like serotonin reuptake inhibitors (fluoxetine, sertra-
line, venlafaxine, duloxetine), MAO inhibitors (phenelzine, 
selegiline), and anti-depressants (clomipramine, imipra-
mine, nortriptyline) which show more adverse effects as 
compared to other drugs like anti-migraine compounds 
(ergot alkaloids and triptans) [27, 28]. Hence, this study 
was performed on HNP-02 to assess the impact of formula-
tion on serotonergic activity in animals in compliance with 
the approved protocol from the IAEC (Protocol number: 
CPCSEA/DIPS/150522/26). The male Wistar rats weighing 
190–210 g were segregated into three groups (n = 5) drug-
treated, i.e., ERT-treated group, formulation HNP-treated 
group, and control group. Post 1 h of intranasal adminis-
tration of samples, different neuromuscular excitations 
were monitored which represent the serotonergic syndrome 
response. Using nominal scale approach for evaluation of 

serotonin syndrome, the scores were determined based on 
the presence or absence of response.

Stability Testing

According to ICH guidelines “Q1A (R2) 2003, Stability 
Testing of New Drug Substances and Products,” formula-
tion HNP-02 was monitored for accelerated stability test-
ing [29]. Samples of formulation HNP-02 were stored at 
25°C ± 2°C/65% ± 5% RH and refrigerated at 4°C ± 1°C for 
3 months in the glass vials. Samples were monitored at 1, 2, 
and 3 months wherein lyophilized hybrid nanoparticles were 
dispersed using MilliQ water with nanoparticulate suspen-
sions sonicated for 10–15 s and examined for particle size, 
ZP, % entrapment efficiency, and % in vitro release studies.

Statistical Analysis

The statistical assessment employed to analyzed parameters 
using GraphPad prism 5 software (California, USA) with 
results expressed as mean ± SD. One-way ANOVA followed 
by Dunnett’s multiple comparison test was used to evaluate 
the data from pharmacodynamics investigations and differ-
ences were deemed as statistically significant at ***p 0.001 
and highly significant at ****p 0.0001.

Results

Zeta Potential Measurements, Particle Size Analysis, 
and PDI 

Particle size uniformity is controlled by factors such pol-
ymer amount, solvent-volume ratio, and stirring speed, 
which influenced the ZP, particle size, and PDI of hybrid 
nanoparticles.

The data in Table II indicated the importance of optimal 
balance between particle size and surface charge of nanopar-
ticles and its homogeneity in distribution within the colloidal 
system. The particle size for pure drug ERT was observed 
to be 684.2 ± 13.48  nm, whereas the formulation HNPs 
showed lower particle size ranging from 239.46 ± 2.31 to 
484.28 ± 14.25 nm across the various L/P weight ratios. The 
polymer PLGA (Resomer 503H) with acid end-group showed 

Table II   ZP, Particle Size, and 
PDI Measurements

S. no Formulation Formulation code ZP
(mV ± SD)

Particle size
(nm ± SD)

PDI
(n ± SD)

1 Ergotamine tartrate ERT − 21.65 ± 7.89   684.2 ± 13.48 0.572 ± 0.18
2 Resomer (30 mg) HNP-01   − 8.95 ± 6.42 373.23 ± 7.32 0.687 ± 0.33
3 Resomer (20 mg) HNP-02 − 18.36 ± 6.59 239.46 ± 2.31 0.196 ± 0.24
4 Resomer (10 mg) HNP-03   − 9.03 ± 3.92 484.28 ± 14.25 0.396 ± 0.37
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negative zeta values for all experiments. Formulation HNP-01 
showed higher PDI (0.687 ± 0.33) and lower zeta potential 
(− 8.95 ± 6.42 mV) attributed to the incomplete coverage by 
lipids due to low lipid content and higher polymer content 
(30 mg). The nanoparticles with higher polymer content 
generally showed lower particle size at initial stage and later 
tend to aggregate over the period of time due to the partial 
surface coverage by the lipids indicated by higher polydis-
persity index (0.687 ± 0.33). Formulation HNP-03 showed 
higher particle size of 484.28 ± 14.25 nm and lower ZP 
of − 9.03 ± 3.92 mV (similar to HNP-01) attributed to higher 
lipid concentration than polymer that resulted in extra layer of 
lipids covering the particle surface and formation of separate 
lipid liposomes leading to larger particle size and polydis-
persity index (0.396 ± 0.37). However, formulation HNP-02 
showed low particle size (239.46 ± 2.31 nm) with PDI of 
0.196 ± 0.24 (less than 0.3) indicated homogeneity, whereas 
high ZP (− 18.36 ± 6.59 mV) demonstrated good colloidal 
stability attributed to complete coverage of polymer surface 
by the lipids that inhibit aggregation of particles for prolonged 
time. Hence, the particle size and ZP data revealed the ideal 
L/P weight ratio of 15% w/w to be an important parameter 
which was further confirmed by conducting in vitro stability 
study for the HNPs in 10% BSA (Bovine serum albumin).

Drug Entrapment Efficiency (% EE)

Drug entrapment efficiency conducted for HNP-01, HNP-
02, and HNP-03 showed higher entrapment for HNP-02 
as shown in Fig.  1. The order of % EE observed to be 

HNP-02 > HNP-01 > HNP-03 confirmed that the L/P weight 
ratio of 15% w/w was optimum. ERT and polymer PLGA were 
readily solubilized in organic solvent like acetone and further 
surrounded by lipid coating (lecithin and DPPC) resulted in 
improved solubility of ERT both in polymer PLGA and in 
lipids due to its lipophilic nature that attributed to the higher 
entrapment efficiency for formulation HNP-02. This also dem-
onstrated the complete covering of lipids on polymer core that 
increased the entrapment of ERT to 86.88 ± 1.67% as com-
pared with other formulations that displayed 67.26 ± 2.83% and 
46.71 ± 2.41% for HNP-01 and HNP-03, respectively. Lower 
polymer content (10 mg) and higher lipid content (100 mg) in 
HNP-03 that exceeded critical micelle concentration of lipids 
affect the encapsulation process resulting in lower entrapment 
of drug (46.71 ± 2.41%). Similarly, the higher entrapment for 
CFN was observed in formulation HNP-02 of 37.09 ± 0.68% as 
compared to other formulations with values of 30.12 ± 0.44% 
and 28.81 ± 0.72% for HNP-01 and HNP-03, respectively. 
Lower entrapment efficiency of CFN attributed to hydrophilic 
nature of the molecule. Further, during preparation of HNPs, 
CFN was dissolved in aqueous dispersion of lipids and heated 
above the melting transition temperature, Tm of lipid (DPPC), 
that resulted in partial dissolution of CFN.

In Vitro Release Study (%)

Figure 2 illustrated the in vitro release study carried out 
for formulations HNP-01, HNP-02, and HNP-03 at an 
extended period for 48  h. The controlled release pat-
terns for both ERT and CFN observed were in order of 

Fig. 1   % EE for formulations 
HNP-01, HNP-02, and HNP-03
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HNP-02 > HNP-03 > HNP-01. The formulation HNP-02 
showed higher release profile for ERT to be 97.12 ± 2.79% 
at 48 h, followed by HNP-03 that demonstrated drug release 
of 91.42 ± 1.46% and 88.31 ± 1.95% for HNP-01 as compared 
to the incomplete release of 54.76 ± 2.26% for plain ERT 
within 48 h. A similar pattern was observed for CFN with 
significant release of 35.26 ± 2.53% from HNP-02 followed by 
HNP-03 with release of 24.14 ± 1.83% and lowest release of 
10.37 ± 0.76% from HNP-01 in comparison to plain CFN with 
premature release of 93.71 ± 8.17% within 6 h. The controlled 
release pattern of drugs from HNPs was attributed to the com-
pact PLGA matrix surrounded by lipid coating that resisted the 
process of diffusion by restricting the flow of release medium 
with slow release of the contents. The outcome of in vitro 
release studies was consistent with that of results of entrap-
ment efficiency.

In Vitro Stability in Serum

Figure 3a and b illustrated the in vitro serum stability for 
formulation HNP-02 and polymer nanoparticles (NPs) 
made of PLGA incubated in 10% BSA solution. The data 
of particle size and PDI measured for formulation HNP-02 
showed no significant difference as shown in Fig. 3a which 
confirmed the stability of HNP-02 in serum. The formulation 
HNP-02 depicted retention in particle size over a range of 
239.4 ± 2.31–425.6 ± 8.96 nm when studied for 8 h and PDI 
varied in a narrow range from 0.196 ± 0.24 to 0.459 ± 0.78 and 
hence proved its stability in serum for prolonged period of 8 h.

The above data of particle size, ZP, %EE, in vitro release 
profile, and in vitro stability in serum confirmed HNP-02 
to be the optimized formulation and hence selected for 
additional evaluation of ex vivo release, FTIR, DSC, XRD, 
NMR, SEM, in vivo studies, and stability testing.

Figure  3b  shows the highest retention in particle 
size for HNP-02 (239.4 ± 2.31–425.6 ± 8.96  nm) as 
compared to the other HNP formulations when stud-
ied for 24  h. HNP-03 showed higher particle size 
(484.2 ± 14.25–610.4 ± 9.32 nm) due to the formation of 
excess lipid liposomes and HNP-01 that showed increase 
in particle size (373.2 ± 7.32–965.3 ± 11.53  nm) for a 
period of 24 h that confirmed higher polymer concentra-
tion and incomplete coverage of lipids with low particle 
size initially but tend to aggregate later due particle coales-
cence. However, the polymer nanoparticles (NPs) showed 
a dramatic increase in particle size from 331.3 ± 8.67 to 
1284.2 ± 22.63 nm within a short period of 3 h after incu-
bation in 10% BSA solution. Thus, HNP-02 exhibited long-
term serum stability (24 h) due to complete coverage of 
lipids over the polymer core and the lipid-PEG outermost 
coating prevented the adsorption of proteins on surface of 
the nanoparticles with higher circulation time in vivo.

Ex Vivo Release Study

Figure  4 illustrated the ex vivo release profile of ERT 
and CFN for the optimized formulation HNP-02. The 

Fig. 2   % In vitro release for ERT and CFN from formulations HNP-01, HNP-02, and HNP-03
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observed values of ex vivo release for ERT and CFN were 
75.13 ± 5.62% and 23.03 ± 1.38%, respectively, against the 
in vitro profile of 97.12 ± 2.79% and 35.26 ± 2.53% for ERT 
and CFN, respectively, that revealed the controlled release 
pattern for HNPs. This confirmed the core–shell structure 
for HNPs because the shell of lipids over the polymer core 
prevented the interaction with the external physiological 
environment and also the optimum L/P weight ratio that led 
to complete coverage of lipids on to the polymer core to 
restrict the entry of surrounding biological medium in to 
the HNPs [30].

FTIR Spectroscopy

The FTIR spectra of ERT, CFN, soya lecithin, DPPC, 
PLGA, and formulation HNP-02 are shown in Fig. 5. Plain 
ERT spectrum showed characteristic peaks ranging from 
3200 to 3334 cm−1 corresponding to hydroxyl and amine 
groups, whereas peaks for carbonyl stretch were observed 
in the region of 1646 to 1723  cm−1. FTIR spectrum of 
CFN showed two characteristic peaks, one for amide 
group in the range of 2800 to 3120 cm−1 and second for 
carbonyl stretch in the region of 1552 to 1784 cm−1. The 

Fig. 3   a In vitro stability in 
bovine serum albumin for 
formulation HNP-02. b Particle 
size (nm) in 10% BSA solution 
for NPs and formulations HNP-
01, HNP-02, and HNP-03
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characteristic bands for DPPC observed were at 2912 cm−1 
(C–H stretching), 1732 cm−1 (carbonyl symmetric stretch-
ing), 1377 cm−1 (C–H bending), and 1054 cm−1 (P–O–C 
stretching), respectively. Lecithin showed character-
istic bands in the region of 3376 cm–1 for N–H stretch, 
3010  cm−1 for cis-double bond stretching, 1735  cm−1 
for carbonyl (C = O stretch), and 1083 cm−1 for P–O–C 
stretching. The IR spectrum of PLGA showed carbonyl 
stretching at 1753 cm−1 and 1382 cm−1 as C–H bending 
whereas 1087–1170 cm−1 for C–O stretching. The formu-
lation HNP-02 spectrum matched with DPPC absorption 
bands but showed a slight shift of characteristic bands at 
2925 cm−1 for N–H stretch, 1712 cm−1 for carbonyl stretch, 
and 967 cm−1 for O–H bending in drug-loaded hybrid nan-
oparticles, and disappearance of the characteristic peaks 
of ERT and CFN indicated encapsulation of drugs in self-
assembled lipid-polymer matrix by van der Waals forces 
and hydrophobic interactions [31].

DSC Studies

DSC thermograms of ERT, CFN, and formulation HNP-02 
are depicted in Fig. 6. The thermogram for ERT showed 
two melting endotherms: one at 86°C as water of crystal-
lization and the second was the degradation at 214°C. The 
drug CFN displayed a sharp melting endotherm for degra-
dation at 236°C. The DSC thermogram for the formulation 
HNP-02 exhibited no such peaks and the only endotherm 
seen in the range of 52–55°C might be assigned to lecithin 
(Tm = 47.2°C), polymer PLGA (melting point = 50°C), and 
PEG 2000 that collectively showed melting endotherm at 
53°C. Peak diminishments in HNP-02 indicated the entrap-
ment of ERT and CFN in the core–shell structure of hybrid 
nanoparticles and the conversion of crystalline state into 

an amorphous form. This conversion to amorphous form 
led to solubility enhancement and complete entrapment of 
drugs in the hybrid nanoparticles with improved thermal 
stability [32, 33].

Powdered X‑ray Diffraction Studies

Figure 7 illustrates the X-ray diffractograms of ERT, CFN, 
and formulation HNP-02, wherein XRD for ERT showed 
characteristic peaks at 2 theta values of 12°, 13°, 16°, 19°, 
21°, and 26° denoting the crystalline nature and similar 
XRD pattern for CFN showed crystalline peaks at 2 theta 
values of 10°, 25°, 26°, and 27°. The disappearance of 
peaks for ERT and CFN in diffractogram of lyophilized 
formulation HNP-02 indicated the loss in crystallinity 
because of lyophilization and entrapment in hybrid nano-
particles seen due to self-assembly of lipid-polymer net-
work with conversion to amorphous state. These results 
were in agreement with DSC studies and expected to 
increase the solubility of drugs [34].

1H NMR Spectroscopy

Figure 8 illustrates the proton NMR spectra for ERT, 
CFN, blank HNP-PL, and formulation HNP-02. The 
spectrum of ERT showed aliphatic methoxy protons at 
3.5–4.3 ppm and CFN showed peaks of N-methyl protons 
at 3.33, 3.5, and 3.94 ppm. The spectrum for blank HNP-
PL showed protons resonating at 1.5 ppm corresponding 
to protons of polylactic acid and the resonance seen in 
region of 4.5–5.1 ppm due to methyl protons of polygly-
colic acid part of PLGA. The resonance seen in the region 
of 3.0–3.5 ppm depicted DPPC methyl protons in HNP-
PL. The spectrum of HNP-02 showed peak diminishments 

Fig. 4   Ex vivo drug release for 
ERT and CFN from formulation 
HNP-02
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that indicated low mobility due to entrapment in the 
core–shell assembly of polymer and lipids. The slow 
orientation of protons attached to hybrid nanoparticles 
showed no interaction between the protons because the 
protons were packed in an ordered manner in the bilayer 
membrane, and the only identified protons were of the 
methyl and methylene groups resonating between 3.3 
and 4.5 ppm which correspond to trimethyl ammonium 
group located in the hydrophilic part of the bilayer of 
lipids. However, the formulation HNP-02 showed dimin-
ishment of peaks for ERT, CFN, and blank HNP-PL that 
confirmed the complete entrapment of drugs ERT and 
CFN in the core–shell structure of polymer and lipids 

with no significant interaction between drugs and other 
ingredients used in the formulation [35].

Morphological Analysis

The morphological analysis was conducted using SEM that 
revealed spherical homogenous nanoparticles with a rough 
surface as shown in Fig. 9a, wherein roughness was attrib-
uted to lyophilization of nanoparticles. Figure 9b depicts 
a two-layer structure for hybrid nanoparticles with PLGA 
core and lipid coating observed as the boundary that exhib-
ited onion-like morphology with multilamellar stacks of 
lipids surrounding the polymeric core [36, 37].

Fig. 5   FTIR spectra for ERT, CFN, Lipoid S-100, DPPC, PLGA, and formulation HNP-02

Fig. 6   DSC thermograms of 
ERT, CFN, and formulation 
HNP-02
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Animal Studies

Pharmacokinetics Study

The drug concentration in the brain was assessed at pre-
defined intervals of 30, 60, and 90 min by an in vivo study 
using a validated HPLC method. The data for ERT alone and 
in comparison, with test sample HNP-02, are illustrated in 
Fig. 10. The data for ERT showed an increase in brain uptake 
from 1.2 (30 min) to 3.45 ng/mL (60 min) with a decline to 
the initial level of 1.32 ng/mL at 90 min. The results illus-
trated that C max for ERT reached within 60 min and then 
the concentration declined rapidly within 90 min which 
matched with the prior literature studies of ERT. However, 
the formulation HNP showed a steep rise in drug concen-
tration from 1.48 ng/mL at 30 min to 4.68 ng/mL at 60 min 
and further increased to 5.74 ng/mL until 90 min. Hence, it 
was concluded that the hybrid nanoparticles exhibited higher 
absorption in the brain and a further rise in concentration 

depicted the accumulation in the brain due to the nano size 
and entrapment in biodegradable polymer PLGA and the 
biomimetic lipids [38]. In comparison to ERT intranasal 
administration, HNP-02 demonstrated a 4.35-fold increase 
in brain uptake with accumulation in brain for longer period 
of 90 min. These results verified that the core–shell structure 
of lipid polymer hybrid nanoparticles not only shielded the 
drug ERT from the external physiological environment but 
also enhanced its absorption through the olfactory pathway 
for nose-to-brain delivery. Moreover, the outermost lipid-
PEG layer prevented the reticuloendothelial uptake that 
illustrated the potential of HNP-02 to successfully enter the 
brain by avoiding the blood–brain barrier and effectively 
treat the migraine.

Pharmacodynamics Study

The pharmacodynamics study was conducted on male 
Wistar rats using intraperitoneal injection of acetic acid 

Fig. 7   XRD diffractograms of 
ERT, CFN, and formulation 
HNP-02
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0.3% w/v. This injection used as an irritant in animals 
and resulted in abdominal constrictions with stretching of 
hind limbs and generated pain similar to that arose during 
migraine attack. The test sample HNP-02 along with ERT 
and control samples were administered intranasally using 
normal saline as a vehicle with subsequent administration 
of acetic acid injection intraperitoneally. The number of 
abdominal constrictions counted for 15 min post-acetic acid 
injection in all animals (n = 5). Figure 11 depicts the scores 
for samples tested wherein the control sample scored 34.1, 
whereas ERT-treated group showed 24.6 number of abdomi-
nal constrictions with the lowest value of 17.3 for HNP-
treated group. Statistical evaluation proved highly significant 

difference for HNP-treated group (****p < 0.0001) as com-
pared to control group, whereas ERT-treated group showed 
statistically significant difference (***p < 0.001) against the 
control. It was evident from the PD results that formulation 
HNP-02 after intranasal administration showed a signifi-
cantly reduced number of abdominal constrictions by exhib-
iting anti-hyperalgesic activity in the treatment of migraine 
when compared with the plain drug.

Histopathology Investigation

Figure 12 illustrates the microscopic observations for brain 
tissue of 3 groups: control, ERT-treated, and HNP-treated 

Fig. 8   1H NMR spectra for ERT, CFN, blank HNP-PL, and formulation HNP-02

Fig. 9   SEM images for a hybrid 
nanoparticles (HNP-02) and b 
core–shell structure
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Fig. 10   ERG concentration in 
brain at intervals of 30, 60, and 
90 min

Fig. 11   Acetic acid induced 
writhing test in control, 
ERT-treated, and HNP-treated 
groups. Values are expressed 
as mean ± SD (n = 5). One-way 
ANOVA followed by Dun-
nett’s multiple comparison 
test revealed ****p < 0.0001 
highly significant difference for 
HNP-treated group compared 
with control when administered 
intranasally and ***p < 0.001 
considered statistically signifi-
cant for ERT-treated vs control

Fig. 12   Histopathological images: a control, b ERT-treated, and c HNP-treated groups
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groups. The histopathological investigations revealed nor-
mal nucleated cells with no abnormalities as compared to 
control, in both ERT-treated and HNP-treated groups. The 
glial cells were seen of normal size and morphology without 
signs of inflammation or haemolysis and absence of mac-
rophage infiltration, which thus confirmed that formulation 
HNP-02 was safe and non-toxic for intranasal administration 
[39, 40].

Serotonin Toxicity Studies

Excess serotonin levels in the body led to neuromuscular 
contractions, autonomic hyperactivity, and mental status 
changes. Hence, serotonin syndrome was studied for drugs 
that increase the concentration of serotonin in the body. 
Animals were divided into three groups, i.e., untreated, 
ERT-treated, and HNP-treated, wherein various behavioral 
responses were studied in animals with scores calculated 
post 1 h nasal administration as mentioned in Table III. The 
symptoms like neuromuscular excitations generate responses 
like head twitches, tremors, hind limb abduction, straub 
tail, head shaking, head weaving, flat low body posture, and 
backward walking, whereas autonomic dysregulation symp-
toms show responses of hyperactivity and hyperreactivity 
while other symptoms of hallucinations and bowel sounds 
show responses of pilo erection and defaecation [41]. These 
responses were assessed using a nominal scale approach viz. 
categorical response represented as presence or absence of 
symptoms and the overall scores calculated.

Table III data revealed the score card for three groups, 
viz., untreated, ERT-treated, and HNP-treated groups, 
wherein the untreated group showed complete absence 
of responses to the neuromuscular symptoms with score 
denoted as zero. The ERT-treated group showed a score 
of 10 out of 12 responses that reported the presence of 

symptoms, whereas the HNP-treated group depicted a 
score of 5 out of 12 responses. The score denoted based 
on response received from 1 or 2 animals out of the total 
5 animals tested for the presence of symptoms which 
was termed to be a mild response on the scale of mild-
moderate-severe. Hence, it was concluded that no severe 
response was observed for any of the symptoms evalu-
ated for the HNP-treated group and thus HNP formulation 
showed no serotonin toxicity and termed to be efficacious 
in the treatment of migraine.

Stability Studies

During accelerated stability performed on HNPs, charac-
teristics like particle size measurements, ZP, % entrapment 
efficiency, and % in vitro release studies were investigated, 
and the stability results are illustrated in Table IV. The HNP 
samples as lyophilized cakes were dispersed in distilled 
water and the aqueous dispersions were analyzed. During 
stability testing at refrigerated and room temperature con-
ditions, no significant change was observed in any of the 
studied parameters. The results were well within the lim-
its ± 5% of the average value complying with the stability 
criteria. This confirmed the stability of lyophilized HNP at 
specified conditions.

Discussion

Using nanoprecipitation method, the formulation HNP-02 
with an ideal L/P weight ratio of 15% w/w showed low 
particle size and PDI with good colloidal stability. The 
% entrapment efficiency was higher for HNP-02 due to 
the lipophilic nature of ERT and also during preparation, 
ERT was dissolved in PLGA and solvents that improved 
the solubility along with self-assembling of lipids led to 
significant entrapment efficiency. Similar results were 
observed by Mohammad and co-workers for tacrolimus-
loaded core–shell lipid-polymer hybrid nanoparticles which 
revealed higher entrapment with optimum L/P weight ratio 
and higher particle size with increased concentration of pol-
ymer (30% w/w) [42]. The impact of polymer concentration 
on the release profile for both ERT and CFN was evident 
from the in vitro and ex vivo release data which indicated 
the controlled release pattern because of the formation of 
a compact polymer matrix of PLGA surrounded by lipid 
coating to restrict the entry of release medium. Also, higher 
PLGA content (25% w/w) showed an optimistic effect on 
the particle size of HNPs which resulted in higher particle 
size with low surface area and controlled release rate pat-
tern. Incubation in 10% BSA solution showed particle size 
retention for 24 h that exhibited long-term serum stability 
for HNPs, and this was confirmed by results of formulation 

Table III   Serotonin Response Score Card

Behavioral response
1 h post-administration

Untreated ERT-treated HNP-treated

Head twitches 0 1 1
Tremors 0 1 0
Hind limb abduction 0 2 1
Straub tail 0 0 0
Head shaking 0 1 0
Head weaving 0 1 0
Flat low body posture 0 1 0
Backward walking 0 0 0
Hyperactivity 0 2 2
Hyperreactivity 0 2 2
Pilo erection 0 2 1
Defecation 0 1 0
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HNP-02. Similar findings were confirmed by Pengju Ma 
and his coworkers for bupivacaine-loaded lipid-polymer 
hybrid nanoparticles that exhibited controlled release pat-
tern owing to core shell structure and improved in vitro sta-
bility of hybrid nanoparticles in 10% v/v fetal bovine serum 
(FBS) when compared against bupivacaine-loaded PLGA 
nanoparticles (NPs) in order to simulate the in vivo hemo-
compatibility [24]. The lipid-PEG outermost coating of 
HNP formulation displayed an insignificant impact in serum 
because of the existence of PEG-2000 which prevented the 
adsorption of proteins on the surface of nanoparticles and 
increased in vivo circulation time. Thus, the outer PEG layer 
exhibited two functions, first the maintenance of in vitro 
stability of HNPs by reducing the nanoparticle aggregation 
and second evading the recognition by the reticuloendothe-
lial system (RES) and other immune cells in vivo.

The FTIR study for HNP-02 matched with the character-
istic bands of DPPC and indicated entrapment of actives in 
the core–shell structure of hybrid nanoparticles due to van 
der Waals forces of attraction or hydrophobic interactions. 
DSC study demonstrated diminishments in the characteris-
tic peaks of ERT and CFN and confirmed the entrapment 
of actives in the lipid-polymer network. These results were 
in line with earlier findings of methotrexate-loaded lipid-
polymer hybrid nanoparticles for controlled drug delivery 
applications that demonstrated conversion of crystalline 
to amorphous form or disorganized crystal lattice of drug 
during entrapment in hybrid nanoparticle [32]. Absence of 
crystalline peaks was attributed to strong interactions with 
lipids during fabrication of lipid-polymer hybrid nanoparti-
cles. Powdered X-ray diffraction studies revealed the loss of 
crystallinity and conversion to amorphous form by increas-
ing the solubility of the actives in hybrid nanoparticles. 1H 
NMR spectra illustrated the disappearance of characteristic 
peaks of actives and low mobility of protons as they were 
packed in the orderly configuration in the bilayer membrane 
of lipids. This confirmed no interaction between actives and 
excipients employed in the formulation with the entrapment 
of actives in the strong lipid-polymer network. Morphologi-
cal evaluation by SEM represented homogenous spherical 
nanoparticles, and the multilayered stacks of lipids around 
the polymer core depicted the onion-like structure con-
firmed the lipid coverage around the polymer core. Similar 

morphology of onion-like structure was observed around 
the PLGA core by Bershteyn et al., in a DOPC-based hybrid 
nanoparticles [43].

Pharmacokinetics studies for HNP-02 confirmed the 
higher brain concentration (4.35-fold rise) post-intranasal 
administration. The nano-size of HNPs and entrapment 
in biodegradable polymer PLGA surrounded with biomi-
metic lipids helped to traverse the nanoparticles via the 
olfactory pathway and bypassed the blood–brain barrier 
(BBB) reaching the brain. The rise in brain concentration 
of formulation HNP-02 and its accumulation in the brain 
for the time interval of 90 min studied was found to be 
much higher as compared to ERT alone proving the effi-
cacy of formulation HNP-02 in the treatment of migraine. 
The results from pharmacodynamics study proved the 
reduction of hyperalgesic effect with formulation HNP-
02 indicated by the lowest number of abdominal constric-
tions counted after the intraperitoneal administration of 
acetic acid injection 0.3% w/v that induced pain similar 
to migraine in the animals. Histopathological evaluation 
confirmed no change in glial cells depicting absence of 
abnormality and necrosis or inflammation. Histopathol-
ogy studies of nasal mucosa conducted by Galgatte and 
his coworkers for sumatriptan succinate mucoadhesive gel 
confirmed absence of cell necrosis or removal of epithe-
lium of nasal mucosa [44]. The serotonin toxicity score 
card revealed low scores for formulation HNP-02 con-
firmed by the mild response for neuromuscular excitations 
and mental changes observed post-intranasal administra-
tion depicted by the absence of serotonergic syndrome 
in animals. Zhiyuan et al. conducted similar serotonin-
toxicity syndrome elicited by 5-hydroxy-l-tryptophan in 
clorgyline-pretreated rats and studied the behavioral rela-
tionship associated with serotonin toxicity and the recep-
tors mediating these behavioral changes [45]. Accelerated 
stability testing conducted for 3 months showed no sig-
nificant impact on any of the parameters tested and com-
plied with the stability specification criteria. Hence, it was 
concluded that the formulation HNP-02 was found to be 
stable, safe, non-toxic in nature with higher brain uptake 
and reduction in hyperalgesia without serotonin toxicity 
after intranasal administration to confirm HNP formula-
tion reached the brain via olfactory route.

Table IV   Stability Results for 
HNP-02

Bold entries indicated the optimized formulation

Stability condition PS
(nm ± SD)

ZP
(mV ± SD)

EE
(% ± SD)

In vitro release
(% ± SD)

Initial   239.4 ± 0.28 − 18.36 ± 6.59 86.88 ± 1.67 97.12 ± 2.79
1 M/4°C 251.42 ± 1.32 − 19.32 ± 7.82 87.16 ± 1.34 95.26 ± 3.91
1 M/25°C 282.91 ± 1.01 − 17.77 ± 5.17 85.23 ± 2.65 93.81 ± 4.62
3 M/4°C 271.55 ± 2.68 − 21.21 ± 4.94 84.29 ± 2.39 94.17 ± 3.87
3 M/25°C 382.68 ± 3.19 − 16.33 ± 9.25 85.72 ± 4.18 96.73 ± 6.48
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Conclusion

The outcome of the current study illustrated that PEGylated 
hybrid nanoparticles can be prepared using the nanopre-
cipitation method with L/P weight ratio (15% w/w) with 
lower particle size (239.46 ± 2.31 nm), higher zeta poten-
tial (− 18.36 ± 6.59 mV), and higher entrapment efficiency 
(86.88 ± 1.67%). Controlled release pattern for both drugs 
ERT and CFN proved by in vitro and ex vivo testing. In the 
presence of biological enzymes and serum, the investiga-
tions revealed the lipids self-assembled around the PLGA 
core to form a core–shell structure that displayed long-term 
stability to hybrid nanoparticles against particle aggregation. 
The in vivo results showed greater brain uptake (4.35-fold) 
and demonstrated anti-hyperalgesic activity with reduction 
in pain showed by acetic acid writhing test. Overall, the 
results confirmed that optimized hybrid nanoparticles with 
the L/P weight ratio 15% w/w demonstrated higher entrap-
ment, and controlled delivery along with long-term stability 
in serum. The increased brain absorption without serotonin 
toxicity supported the therapeutic effectiveness of HNP in 
treatment of migraine when administered intranasally.
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