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ARTICLE INFO ABSTRACT

Keywords: Aims: The study aim was to test the efficacy of a novel created hybrid nanosystem compared to other nano-

Nanocomposite systems in treatment of scopolamine induced memory impairment.

Microemulsion Main methods: The fabrication and characterization of nanoformulations (microemulsion, liposomes, ethosomes,

Vesicles transfersomes and transethosomes) coencapsulating two cognitive enhancers; piracetam and vinpocetine de-

Piracetam . . . i . . . . .

Vi " livered intranasally, in addition to a novel nanocomposite microemulsion/vesicular nanoformulation was de-
mpocetine

scribed.

Key findings: Formulations delivered the drugs across sheep nasal mucosa, with cumulative percentage reaching
29.99% for vinpocetine and 57.78% for piracetam. While the solution form of the drugs was totally ineffective,
the selected transethosomal, microemulsion and nanocomposite formulations reversed the scopolamine induced
effect on the step through latency of passive avoidance test and the spontaneous alternation behavior in Y maze
test, further confirmed by histopathlogical examination. All three nanoformulations significantly decreased the
acetylcholinesterase activity and the extent of lipid peroxidation by 32-42%. The nanocomposite formulation
was superior to the microemulsion and transethosomal formulations in its anti-inflammatory and antiapoptotic
effects, delineated by higher extent of inhibition of COX-2 and caspase 3 expression respectively.

Significance: Results support the hypothesis that the novel microemulsion/vesicular nanocomposite system is a
promising neuroprotective modality for intranasal brain targeting which is worthy of exploitation in other brain
diseases.

1. Introduction GABA (gamma aminobutyric acid) which overcomes oxidative stress

and reverses membrane changes that accompany Alzheimer's disease

The blood brain barrier represents an extremely tight interface se-
parating the brain from the vascular system, and is responsible for
regulating the brain's microenvironment and for its protection [1].
Despite its integral role, it represents an obstacle when attempting to
deliver drugs for treatment of brain diseases, which were reported to
cause around 12% of total deaths worldwide [1].

Neurodegenerative diseases are among the most prevalent of all
brain diseases, and unfortunately, their incidence is estimated to in-
crease with time [2]. Among the commonly utilized drug categories for
treatment of neurodegenerative diseases are nootropics. Two popular
nootropic drugs exhibiting neuro- and glio-protective effects and re-
ported to restore cognitive performance in dysfunctions caused by
factors as hypoxia, hypoglcaemia and senile dementia of Alzheimer are
vinpocetine and piracetam [3,4]. Piracetam is a cyclic derivative of

[5], and is used to treat dementia and prevent its progression [6].
Vinpocetine is a synthetic derivative of apovincamine, which treats
vascular-based cerebral disorders [5]. It was also reported to treat se-
nile dysfunction and Alzheimer's disease [7], and is very effective for
memory enhancement owing to its cerebral vasodilator activity as well
as its neuroprotective effect [8,9]. Despite the fact that both drugs are
not FDA approved, they are still being used in several countries and
were proven effective. They were utilized in the current study as model
drugs of different properties to be tested for simultaneous loading; in
which vinpocetine represents a lipophilic molecule while piracetam
represents a hydrophilic molecule.

Since nootropics are known to act in the brain as their site of action,
therefore bypassing the blood brain barrier is crucial. Therefore, in
order to keep the balance between maintaining the brain protection
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conferred by the blood brain barrier and being able to deliver drugs
efficiently across the blood brain barrier, non-invasive routes and new
technologies were explored in the current era of research. Among the
very common non-invasive routes of drug administration is the in-
tranasal route. Not only is intranasal delivery advantageous in pro-
viding a shunt to the brain through the olfactory area, but it also
overcomes the first pass metabolism and regional variability in oral
absorption [10-12]. The latter advantage is particularly important for
vinpocetine, since it's a sparingly soluble drug which suffers poor oral
bioavailability (about 7%) because of first pass effect and pH dependant
absorption [7,13,14].

In order to overcome the transmucosal barrier of the nose to reach
the olfactory neurons, nanoparticles were highly sought in this regard,
especially those containing surfactants [15]. Among the promising
nanoparticulate systems used for intranasal delivery of drugs are mi-
croemulsions and vesicular systems. Microemulsions are thermo-
dynamically stable systems characterized by their uniquely small par-
ticle size, consisting of oily and aqueous phases and stabilized by
surfactant/cosurfactant [16,17]. Vesicular delivery systems are mainly
composed of phospholipids constituting their outer bilayer, in addition
to an aqueous internal core [18-22]. The aforementioned systems are
unique in the sense that they contain both lipidic and aqueous domains
within their structure, hence facilitating the simultaneous encapsula-
tion of lipid and water soluble drugs. Based on the previous, the lipid
soluble vinpocetine and the water soluble piracetam can be co-en-
capsulated in these systems, in order to benefit from their therapeutic
synergy in the treatment of neurodegenerative diseases [23].

Therefore, the aim of the current manuscript was to prepare novel
nanoparticulate systems co-encapsulating vinpocetine and piracetam;
namely microemulsion and vesicular systems, in addition to a novel
composite system described in the current paper; which is basically a
hybrid of the microemulsion/vesicular systems. The prepared systems
were physicochemically characterized, and tested for their pharmaco-
logical therapeutic efficacy in scopolamine- induced memory impair-
ment model in rats, when administered via the intranasal route.

2. Materials and methods
2.1. Materials

Piracetam was kindly gifted by Misr Pharmaceutical Company,
Egypt. Soyabean lecithin (Epikuron 200) was kindly provided by Cargill
company, Germany. Vinpocetine, scopolamine, acetylthiocholine io-
dide, 5,5’-dithiobis-(2-nitrobenzoic acid) DTNB, HPLC grade methanol,
HPLC grade chloroform, HPLC grade water, tween 20, tween 80,
ethanol, phosphate citrate buffer tablets pH (5.5) were purchased from
Sigma Aldrich (St. Louis, MO, USA).Potassium dihydrogen phosphate,
disodium hydrogen phosphate and oleic acid were purchased from El
Nasr pharmaceutical company, Egypt. NANOSEP tubes (100 kDa) were
purchased from Pall company, USA. Uranyl acetate was purchased from
Allied Signal, Germany. Antibodies and reagents' sources and IDs of
antibodies and reagents are presented in the Supplementary material 1.

2.2. Preparation of vesicular systems, microemulsion, and the composite
vesicular microemulsion system

A microemulsion system for vinpocetine and piracetam (F1) was
prepared by the water dilution method [17,24,25]. Vinpocetine (25 mg)
was dissolved in a mixture of ethanol, oleic acid and tween 20 ac-
cording to the composition stated in Table 1 using magnetic stirring
(Yellow line MAG HS7, IKA, France) followed by dropwise titration
with water containing 100 mg piracetam. The chosen amounts were
selected to form a clear microemulsion zone from a previously reported
phase diagram prepared by other authors [26].

Different vesicular systems; namely liposomes, ethosomes, trans-
fersomes and transethosomes (F2-F5) were prepared using the thin film
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hydration method [27-32], according to the compositions stated in
Table 1. Two hundred milligrams of phospholipid and 25 mg vinpoce-
tine were dissolved in a chloroform:methanol mixture of 2:1 v/v [18],
followed by evaporation at 40 °C till the formation of a thin film (Janke
and Kunkel, model RVO5-ST, IKA, Germany), and hydration using
phosphate citrate buffer pH 5.5 containing 100 mg piracetam with ro-
tation for 1h at 150 rpm. In case of formulation F3, an amount of
ethanol was included within the phosphate citrate buffer volume
yielding ethosomes, while in case of formulation F4, an amount of
tween 20 was included with the phospholipid yielding transfersomes.
Formulation F5 was a hybrid of formulations F3 and F4; containing
both tween 20 and ethanol, yielding transethosomes.

A novel composite microemulsion-vesicular system (F6) was pre-
pared by first dissolving 200 mg phospholipid and 25 mg vinpocetine in
chloroform:methanol mixture of 2:1 v/v, followed by hydration using
10 ml microemulsion formulation F1 containing 100 mg piracetam.
Rotation was continued for 1h at 150 rpm. Formulations F2-F6 were
extruded five times through 400 nm filter (Nucleopore, Netherlands)
using an extruder (Liposofast, Avestin, Germany) [33]. All formulations
were kept at refrigeration temperature (4-8 °C) for further character-
ization.

2.3. Measurement of the particle size, polydispersity index (PDI) and
surface charge of the formulations

The particle size, charge and PDI of the prepared formulations were
measured following appropriate dilution using the Zetasizer device
(NanoZS, Malvern, UK) [12,34,35].

2.4. Measurement of the entrapment efficiency (EE%) of vinpocentine

The entrapment efficiency of vinpocetine in the vesicular formula-
tions F2-F5 and composite formulation F6 was calculated after cen-
trifugal separation at 4000 rpm at 8°C (Hermle cooling centrifuge,
Germany) using Nanosep tubes [36]. An aliquot of the supernatant was
diluted with methanol [37], and quantification of vinpocetine was done
using HPLC (Agilent, USA) using C18 column (Eclipse XDB, 5pm
4.6 x 150 mm, USA). The mobile phase was methanol:water 80:20
[9,38,39], flowing at 1.5ml/min, and the drug was measured at wa-
velength 229 nm. The entrapment efficiency was calculated according
to the following equation [18,40,41]:

EE% = Entrapped drug

= X 100%
Total drug amount

EE% was only measured for vinpocetine since piracetam was pre-
sent in the aqueous domains owing to its hydrophilicity [42].

2.5. Ex vivo permeation of the formulations across sheep nasal mucosa

In order to assess the permeation potential of the prepared for-
mulations across nasal tissue, their ex vivo diffusion across sheep nasal
mucosa was calculated. The mucosa was freshly obtained from a
slaughterhouse, and cleaned before mounting between the donor and
receptor compartments (1.77cm?) of a Franz diffusion device
(VariomagTelesystem, Germany) [43]. The receptor compartment (of
capacity 7.5 ml) contained phosphate buffer pH 7.4 including 2% tween
80 to ensure sink conditions for vinpocetine [7]. Two hundred micro-
liters of each formulation were placed in the donor compartment, and
samples were withdrawn from the receptor compartment at selected
time intervals (10, 20, 30, 40, 60, 120, 240, 360 min) with replacement
using fresh medium. The permeated vinpocetine and piracetam were
quantified using the same HPLC method described previously for vin-
pocetine, but at a wavelength 215 nm for piracetam [44].



M. Nasr and S.A. Wahdan

Table 1
Composition of different vinpocetine/piracetam formulations.
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a,b

Formula code Type Amount of tween 20 Amount of oleic Amount of ethanol Amount of water =~ Amount of phosphate citrate Amount of PC
(ml) acid (ml) (ml) (ml) buffer pH 5.5 (ml) (mg)

F1 Microemulsion 4.1 0.28 0.3 5.3 - -

F2 Liposomes - - - - 10 200

F3 Ethosomes - - 0.3 - 9.7 200

F4 Transfersomes 0.45 - - - 9.7 200

F5 Transethosomes 0.45 - 0.3 - 9.7 200

F6 Composite 4.1 0.28 0.3 5.3 - 200

@ All formulations contained 25 mg vinpocetine and 100 mg piracetam.

> All formulations were completed to a total volume of 10 ml either with water for formulation 1 and 6 or with phosphate citrate buffer pH 5.5 for formulations

F2-F5.
2.6. Stability assessment

The change in particle size, charge and polydispersity was recorded
after three months of storage for all prepared formulations at re-
frigeration temperature, and was indicative of their stability [11,45].

2.7. Morphology visualization of selected formulations

Selected formulations were visualized for their morphology after
negative staining with 2% uranyl acetate using transmission electron
microscopy TEM (JEM-100 S, Japan) [18,35].

2.8. In vivo examination of selected formulations in scopolamine induced
memory impairment model

Male Wistar rats weighing 200-250 g were purchased from the
National Institute of Research (Cairo, Egypt). Rats were accommodated
at a temperature of 25 °C with alternating 12h light and dark cycles,
and maintained on a standard diet pellet (El-Nasr, Abu Zaabal, Egypt)
and water. Acclimatization of rats was done for days before conducting
the experiment. The experimental protocol was approved by the re-
search ethical committee of Faculty of Pharmacy, Ain Shams University,
Egypt (REC-ASU-33).

A priori power analysis was conducted upon proposing the experi-
mental model for determination of the sample size for each experiment.
At significance level of 0.05, power of 80% and effect size 0.5, a sample
size of 60 animals (10 in each group) would be required. Rats were
randomly divided into 6 groups of 10 animals each and treated as fol-
lows; the first group was considered as the control group and given the
vehicles: intranasal phosphate citrate buffer pH5.5 + 2% tween 80,
and intraperitoneal (i.p.) saline (0.9%) injections. The second group
was given intranasal phosphate citrate buffer pH5.5 + 2% tween 80,
and intraperitoneal injection of scopolamine (SCO) at a dose of 2 mg/
kg. The third group was given the intranasal solution of piracetam (PIR)
and vinpocetine (VIN) (at the same concentrations present in the pre-
pared formulations) dissolved in phosphate citrate buffer pH 5.5 using
2% tween 80 and SCO (2 mg/kgi.p.). The fourth, fifth and sixth groups
received the selected formulations F5, F1, F6 (to be termed Nano 1,
Nano 2 and Nano 3, respectively) intranasally and SCO (2 mg/kg, i.p.).
The concentration of drugs in the nanoparticles as well as in the in-
tranasal solution administered to group 3 was 10 mg/ml for PIR and
2.5mg/ml for VIN. All formulations were given by intranasal route,
50 ul in each nostril, 90 min prior to SCO injection (2 mg/kg), for 8
consecutive days [46]. Behavioral tests were conducted 30 min after the
last SCO injection [47]. The pharmacological experiments timeline is
shown in Fig. 1.

At the end of the experiment, animals were euthanized by cervical
dislocation. The whole brains of animals were taken out with dissection
of hippocampi, followed by either storage at — 80 °C for neurochemical
analyses or fixation in 10% formalin solution for preparation of paraffin
blocks, which were sectioned at 3 um thickness by slide microtome,
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Fig. 1. Study timeline in terms of days of drugs administration, behavioral tests
and tissue preparation.

taking sections from 3 rats per group, with coordinates (1.6 to 2.8 mm
and 0 to 1.2 mm posterior and anterior to the bregma respectively) for
histological and immunohistochemical examinations [48].

2.9. Behavioral tests

2.9.1. Y maze test

Y maze was carried out in accordance with a previously described
method [49]. The test is based on the principle that an animal must
remember which arm it had entered previously to enable it to change
(alternate) its choice on a following trial. The test is carried out in Y
maze shaped apparatus with three arms. Each arm is labeled either A, B,
or C and the rat was allowed to move for 8 min and its movement was
recorded. Every time the rat enters an arm, with all of its limbs inside,
its letter is written down. The number of alternations corresponds to the
successive entries into 3 different arms in overlapping triplet sets. The
total arm entries correspond to the total number of arms entered. The
percentage alternation was calculated according to the equation:

Number of alternations

%Alternation = X 100

Total number of arm entries — 2

2.9.2. Passive avoidance test

According to the theory of contextual fear conditioning used for
assessment of memory changes, a step-through passive avoidance test
was conducted (Ugo Basile, Italy) [50]. The device is composed of 2
compartments partitioned by an automatically sliding door; the first
one is white and lit up by a 10-W bulb and the second is a black dark
chamber whose grid floor delivers an electric shock of required in-
tensity when stepped on by rats. Each rat was subjected to a training
and a test session. In the training session (which was performed 30 min
after the last SCO dose), each rat was placed in the first compartment.
Upon stepping to the dark compartment, placing its four paws on the
grid floor, the sliding door closed and an electric shock of 1 mA was
delivered for 2 s to the rat. Rats failing to enter the dark chamber within
90 s were not included in the experiment.



M. Nasr and S.A. Wahdan

The test session was carried out 24 h after the training session, in
which rats were again individually placed in the first chamber and their
latency to step through the second compartment was recorded, and
considered as a step-through response to evaluate their memory ac-
quisition after exposure to an aversive stimulus.

2.9.3. Histopathological examination

Brain samples of groups (1-6) were fixed in 10% formal saline for
24 h, followed by alcohol dehydration. The parrafinized sections were
cut at 3um thickness using a sledge microtome, followed by hema-
toxylin and eosin staining for histopathological examination using a
light microscope (Carl Zeiss Axiostar plus, Germany).

2.9.4. Assessment of lipid peroxidation product (malondialdehyde)

The hippocampal levels of the lipid peroxidation product mal-
ondialdehyde (MDA) were assessed using MDA assay kit
(Biodiagnostics Co., Cairo, Egypt). Results were recorded as nanomoles
of MDA/mg protein. The latter was assessed using a commercial kit
(Spectrum diagnostics, Cairo, Egypt), and expressed as mg/ml.

2.9.5. Assessment of acetylcholinesterase (AChE) activity

Acetylcholinesterase (AChE) activity was measured according to a
previously described method [51,52]. 2.9 ml of 0.1 mM sodium phos-
phate buffer (pH 8.0) was added to 50 pl of the tissue homogenate (10%
w/v in 0.1 M phosphate buffer, pH7.4) and incubated at 37 °C for
5min, followed by addition of 40pl of acetylthiocholine iodide
(154.38 mM) and 10pul of DTNB (10 mM). The formation of thioni-
trobenzoic acid was recorded at 412 nm for 150 s at 30 s intervals using
UV spectrophotometer (UV-Vis. Shimadzu spectrophotometer 1601).
The AChE activity was calculated by measuring the concentration of the
produced thionitrobenzoic acid and expressed as nanomoles/min/mg
protein.

2.9.6. Immunohistochemical detection of COX-2 and caspase 3

Paraffinized tissue sections of 3 um thickness were rehydrated in
xylene then in ethanolic solutions. The slides were then blocked using
5% bovine serum albumin (BSA) in tris-buffered saline for 2h. The
sections were then immunostained using one of the following primary
antibodies: rabbit polyclonal caspase-3 antibodies or rabbit polyclonal
COX-2 antibodies at a concentration of 1 ug/ml containing 5% BSA in
tris-buffered saline and incubated at 4 °C till next day. After washing the
sections with tris-buffered saline, they were incubated with goat anti-
rabbit secondary antibodies, followed by rewashing with tris-buffered
saline and incubation for 5-10min in solution of 0.02% diamino-
benzidine containing 0.01% hydrogen peroxide [53]. Counter staining
was performed using hematoxylin, and the sections were examined
using a light microscope (Carl Zeiss Axiostar plus, Germany) supplied
with CCD camera (Carl Zeiss AxiocamICc 1, Germany). Pictures were
captured for one section per rat from 3 rats per group, and the average
number of stained (positive) cells across 10 non-overlapping fields was
calculated. The optical density of the stained cells was calculated using
Leica MDLSD image analysis software. The principle of quantitation
depends on the density of the brown color of the positive stained cells.
When the protein is highly expressed, there is more binding with its
antibody which appears as strong brown color giving high value of
optical density. With lower expression of the targeted protein a faint
color appears and low value of optical density was obtained. Differ-
ences in color intensity were determined as difference in optical den-
sities of the color among groups.

2.10. Statistical analysis

Statistical analyses were done using the software programs
GraphPad Instat version 2.0, and GraphPad Prism version 5.0. Passive
avoidance non-parametric data was presented as medians and inter-
quartile range and analyzed by Kruskal-Wallis test followed by Dunn's
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post hoc test. Other behavioral and neurochemical data were presented
as mean * S.D. and analyzed by One-way ANOVA test followed by
Tukey Kramer post test. P values lower than 0.05 were considered
significant. Kolmogorov and Smirnov test (KS) was used to test the
normality of the data. For in vitro, and ex vivo experiments, values were
reported as mean * S.D. of three individual batches.

3. Results and discussion

Microemulsions and vesicles are versatile delivery systems, com-
posed of lipidic and aqueous entities. Therefore, they can act as uni-
versal delivery systems that can deliver both hydrophilic and hydro-
phobic drugs. The microemulsion formulation F1 was composed of oleic
acid as the oily phase, titrated with water as aqueous phase, and sta-
bilized by tween 20 as surfactant and ethanol as cosurfactant.
Microemulsions prepared using non ionic surfactants and ethanolic
cosurfactant were reported to be promising systems for intranasal de-
livery of drugs [10]. The vesicular systems prepared in the current work
were composed of phospholipids as the lipidic phase, and titrated with
buffer as the aqueous phase. Formulation F2 was the conventional li-
posomal formulation, while formulation F3 additionally contained
ethanol (hence called ethosomes), and formulation F4 additionally
contained tween 20 (hence called transfersomes). Formulation F5
contained both ethanol and tween 20 in its composition (transetho-
somes). Ethosomes and transfersomes were considered the second
generation of vesicles, containing additional penetration enhancers
which confer deformable traits to those vesicles, hence allowing better
intranasal permeation [54,55]. Transethosomes were not tested before
for intranasal delivery, and the current paper represents the first at-
tempt of their use intranasally. Finally, a novel formulation (F6) was
prepared in the current work, which is a nanocomposite form of mi-
croemulsion and vesicles, in which phospholipids were hydrated using
microemulsion as aqueous phase instead of using buffer as hydration
medium, hypothesizing that this formulation would combine the ben-
efits of both vesicular systems and microemulsions for intranasal de-
livery, with an opaque nature in contrast to the translucent nature of
the microemulsion (Fig. 2). The two selected cognitive-enhancer drugs
for loading within our systems were the hydrophilic piracetam and the
lipophilic vinpocetine, in order to test the versatility of the prepared
systems in loading drugs of different solubility properties.

3.1. Measurement of the particle size, polydispersity index (PDI) and zeta
potential of the formulations

The properties of the prepared vinpocetine/piracetam formulations

Fig. 2. Photograph of the microemulsion formulation (F1) on the right and the
composite formulation F6 to the left.
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Table 2

Characterization of different vinpocetine/piracetam formulations.

PDI after 3 months

storage

Zeta potential (mV) after

3 months storage

Particle size (nm) after

3 months storage

Cumulative permeated
percent after 6 h for

piracetam

Cumulative permeated
percent after 6 h for

vinpocetine

EE% for

Zeta potential (mV) PDI

Formula code Particle size (nm)

vinpocetine

0.41 = 0.09
0.48 = 0.13
0.86 = 0.12
0.42 = 0.03
0.52 = 0.07
0.28 = 0.02

—-0.14 + 0.36
—26 = 4.24

57.78 + 1.17 48.85 = 2.99

29.99 + 2.02

ND*
88.32 + 2.67

0.39 = 0.07
0.44 = 0.28

0.41

—0.28 + 0.04
—28.5 + 3.95
—41.4 = 3.76
—25.4 += 1.06
—38 = 0.43

—15.2 = 0.46

49.30 + 5.24

F1

1118 + 68.4
788 = 58

29.26 + 1.49

13.84 = 0.26
17.95 = 1.59

402 + 43

F2
F3

—-36.7 = 0.85
—20.5 + 4.15

—37 = 0.53

37.90 = 5.22

94.10 = 0.14

+ 0.12

341 = 49

350.7 = 12.46
214.4 = 12.94

51.22 * 9.15
121 = 4.76

23.44 + 0.65

81.57 + 2.98
94.62 + 2.09

0.38 = 0.05
0.39 = 0.28
0.27 = 0.02

284 = 6.61

F4
F5
F6

51.25 + 2.30
55.49 * 2.20

26.12 + 0.88
28.68 + 1.88

208 + 9.25

—-14.1 = 2.12

51.12 = 0.95

113 = 3.47

Data was statistically analyzed using ANOVA followed by Tukey-Kramer as a post-hoc test, since the data represented in the table were confirmed to be normally distributed upon testing with Kolmogorov and Smirnov

test.

2 ND: not determined since all the amount of vinpocetine was loaded in the microemulsion, corresponding to 100% EE.
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were measured using the Zetasizer device. As evident from the results
displayed in Table 2, all formulations displayed a nanometer size range
arranged in the following order: F2 > F3 > F4 > F5 > F6 > F1,
and the One Way ANOVA test showed that differences were significant
(F(5,12) = 72.73, at P < 0.05. The significantly smaller particle size
exhibited by the microemulsion formulation F1 compared to other
formulations could be attributed to its high content of the surfactant
tween 20 and the cosurfactant ethanol [26]. The incorporation of
ethanol in the ethosomal formulation (F3) didn't result in a significant
difference from the particle size of the liposomes (F2), in which the
increased viscosity of the formulation caused by ethanol/phospholipid
interaction might have counteracted the fluidization ability of ethanol
and its thinning potential on the phospholipid membrane [32]. How-
ever, the incorporation of tween 20 as edge activator in the transfer-
somal formulation (F4) resulted in a significant decrease in the particle
size compared to liposomal formulation (F2), owing to its surface ten-
sion decreasing ability [56]. The concomitant addition of tween 20 with
ethanol in the transethosomal formulation (F5) resulted in a further
significant decrease in the particle size of the transfersomal formulation
(F4), owing to the possible positive synergy created by double mem-
brane fluidization and thinning by both tween 20 and ethanol. Upon
creation of composite vesicles (F6) prepared by hydration of the
phospholipid film by the microemulsion formulation instead of buffer,
this resulted in a significant decrease in the particle size compared to all
vesicles (F2-F5), which is attributed to the inclusion of some of the
microemulsion formulation components being made of high surfactant/
cosurfactant concentration within the phospholipidic bilayer of the
vesicles, as well as the presence of microemulsion domains as the ex-
ternal aqueous dispersion medium and within the aqueous core of the
vesicles (to be shown in the TEM section). The PDI of the formulations
ranged from (0.27-0.44) suggesting all formulations were homogenous
and moderately dispersed, especially that formulations F2-F6 were
subjected to five extrusion cycles.

Regarding the zeta potential of the formulations, it ranged from
(—0.28 to —41.4). The microemulsion formulation displayed the
smallest zeta potential since it contained the non ionic surfactant tween
20 as its main component. The negative charge exhibited by the vesicles
(F2-F5) is probably attributed to the negative charge of the phospho-
lipids [36]. Formulations F3 and F5 containing ethanol exhibited the
highest negative charge compared to other formulations, since ethanol
is known to create a net negative charge [57]. The zeta potential of the
composite formulation F6 exhibited a mid value between that of the
microemulsion and the vesicles, since it contained a balanced amount
of the negatively charged phospholipid and ethanol, and the neutral
non ionic surfactant tween 20.

Therefore, the difference in composition of the nanoformulations
was proven to affect their size, dispersity and charge properties.

3.2. Measurement of entrapment efficiency (EE%) of vinpocetine

Vinpocetine was totally solubilized in the microemulsion compo-
nents (F1) owing to the presence of the surfactant tween 20 and
ethanol, since vinpocetine is a poorly water soluble drug of log P 3.56
[58,59], which necessitated the use of surfactant/cosurfactant for its
solubilization, corresponding to 100% EE% of vinpocetine within the
microemulsion. The EE% of vinpocetine in the vesicles (F2-F5) ranged
from 81.57 to 94.62% and differences among formulations were found
to be statistically significant upon testing with One Way ANOVA F
(4,10) = 228.77, at P < 0.05. This could be ascribed to the lipidic
nature of the prepared vesicles, hence facilitating the encapsulation of
the lipophilic vinpocetine within the lipidic bilayer. Upon further in-
spection of the results, it can be observed that the presence of ethanol
(in ethosomal formulation F3 and transethosomal formulation F5) re-
sulted in a significant increase in the entrapment efficiency of vinpo-
cetine compared to other vesicles (P < 0.05). This came in accordance
with other authors who attributed this to the increased solubility of
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Fig. 3. Release profiles of different formulations for a) Vinpocetine b) Piracetam.

vinpocetine with the presence of ethanol [9]. Ethanol was known to
associate itself within the lipidic bilayer, hence providing additional
accommodating and solubilizing space for the lipophilic vinpocetine
within the lipidic bilayer [60]. The presence of tween 20 only without
ethanol in the F4 formulation resulted in the lowest EE% among ve-
sicles, which could be attributed to the high HLB value of tween 20,
previously reported to decrease the EE% of vinpocetine to a certain
extent [37]. The EE% of the composite formulation F6 was 51.12%,
since the external aqueous hydration phase was the microemulsion
rather than the buffer, with high capability for solubilizing vinpocetine,
leading to its presence in both the vesicular and microemulsion phases
of the formulation.

3.3. Ex vivo permeation of formulations across sheep nasal mucosa

As shown in Table 2 and Fig. 3, different formulations displayed
significantly different cumulative percent release for vinpocetine F
(5,12) = 63.05 at P < 0.05 and piracetam F(5,12) =17.95 at
P < 0.05. The amount released of piracetam was double that released
of vinpocetine for all formulations, which could be ascribed to the fact
that piracetam resided in the outer external phase of the formulations,
compared to vinpocetine which was encapsulated in the internal oily
phase. Formulations F1, F4, F5 and F6 (microemulsion, transfersomes,
transethosomes, composite system) displayed significantly higher re-
leased percent of piracetam and vinpocetine compared to the liposomal
and ethosomal formulations. The former systems have in common that
they contain tween 20 in their structure, which was reported to have
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high solubilizing power for hydrophobic solutes, leading to a con-
comitant increase in their release from vesicular systems [37]. More-
over, being tensioactive, tween 20 was reported to decrease the mucus
viscosity and fluidize the nasal mucosal membrane [61]. Results
showed that the prepared formulations allowed the permeation of both
drugs across the nasal mucosa, and therefore, they can be considered
promising for delivering the drugs to the brain upon permeation
through the olfactory region. Given the high permeated amounts of
both drugs across the nasal mucosa, the intranasal route was proven to
be a successful route for administration of the prepared nanosystems.

3.4. Stability assessment

As shown in Table 2, formulations F1, F5, F6 displayed sufficient
stability, manifested by insignificant variation in their particle size, PDI
and surface charge values, while formulations F2, F3 and F4 were ra-
ther unstable and displayed significant increase in particle size upon
storage, without general significant change in their PDI or zeta poten-
tial values. The tendency for aggregation upon storage for liposomal,
ethosomal and transfersomal formulations was previously reported
[18,62,63]. The stability of microemulsion came in accordance with
other authors who reported the good shelf stability of microemulsions,
manifested by no changes in their physicochemical parameters [64,65].
The better stability of transethosomes compared to other vesicles could
be ascribed to the combined effect of tween 20 and ethanol in delaying
the aggregation of the vesicles.

As evident from the previous

studies, the microemulsion
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Fig. 4. TEM micrographs of the a) microemulsion formulation F1 b) transethosomal formulation F5 c) composite formulation F6.

formulation F1, the transethosomal formulation F5 and the composite
formulation F6 displayed sufficient stability, in addition to high EE% of
vinpocetine and increased permeated amount of both vinpocetine and
piracetam across sheep nasal mucosa, and hence they were selected for
further characterization.

3.5. Morphology visualization of selected formulations

As shown in Fig. 4, the microemulsion formulation F1 displayed
small spherical droplet morphology, while the transethosomal for-
mulation F5 displayed the typical vesicular morphology of a continuous
lipid bilayer and an aqueous core. On the other hand, the composite
formulation F6 displayed a hybrid morphology of the aforementioned
formulations, in which they displayed a lipidic bilayer but was rather
discontinuous, in addition to a microemulsion core, which confirms the
ability of the microemulsion formulation to act as aqueous hydration
medium for vesicles.

3.6. Behavioral tests

Male rats were used in the behavioral experiments in order to ex-
clude the change in female sex hormones levels, which were reported to
impact the behavioral parameters, since estrogen was previously re-
ported to positively influence learning and memory in rats, as well as
the cognitive functions within the mammalian brain.

The immediate working memory of rats was investigated by re-
cording the spontaneous alternation attitude in Y-maze test (Fig. 5a).
Applying Kolmogorov-Smirnov test showed the normality of the data of
all groups, and the One-way ANOVA analysis showed a significant
difference between groups (F(5,31) = 16.1, at P < 0.05). Results
showed that SCO (2 mg/kg, i.p.) significantly reduced the spontaneous
alternation percent by 46%. The solution form of PIR/VIN could not
reverse SCO-induced effect on the percent of alternation between arms.
On the other hand, Groups 4, 5 and 6 treated with the nanoformulations
showed a significant improvement in the percentage spontaneous al-
ternation by 100%, 74% and 88%, respectively, compared to both SCO-
treated group and the group treated with conventional PIR/VIN com-
bination, with no significant difference between the 3 nano-formula-
tions (P > 0.05).

To further confirm the antiamnestic potential of the formulations on
SCO-induced memory impairment, a step-through passive avoidance
(PA) task was performed in different groups. Kolmogorov-Smirnov test
showed that the data were not normally distributed, and hence were
analyzed using non parametric test Kruskal-Wallis followed by Dunn's
post hoc test. In the training session, no statistically significant differ-
ence was found in the step-through latency among between all groups
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(Fig. 5b).

On the other hand, in the test session, a statistically significant
difference was found between groups (Fig. 5c). SCO administration
significantly shortened the step-through latency by 83%, compared to
the vehicle-treated group, which suggested clear memory impairment
induced by SCO. Our findings came in accordance with previous studies
which reported that administration of scopolamine impaired fear con-
ditioning performance and spatial memory in rats [66,67]. Similar to
what was encountered with the previous test, the solution form of the
drugs (group 3) could not reverse SCO-induced effect on the step
through latency. On the other hand, groups 4-6 treated with the na-
noformulations showed a significant improvement in step through la-
tency by 400%, 370% and 367%, respectively, compared to SCO-
treated group. A significant amelioration in step-through latency for the
3 nanoformulations was observed (P < 0.05), compared to group 3,
with no significant difference between the 3 nanoformulations
(P > 0.05).

Results of the behavioral tests confirm the nasal penetration po-
tential of the nanoformulations compared to the solution form, and
their efficacy to reverse the induced amnesia/memory impairment by
SCo.

3.7. Histopathological examination

In order to confirm these scopolamine-induced behavioral altera-
tions, histopathological examination of brain specimens was performed
for different treatment groups (Fig. 6). Brain samples taken from the
control rats revealed no histopathological changes, with normal histo-
logical structure of the neurons in the cerebral cortex and fascia dentate
in hippocampus. Treatment of rats with SCO (2mg/kg) caused the
appearance of nuclear pyknosis and neuronal degeneration in the cer-
ebral cortex and fascia dentate of the hippocampus. Concurring with
the results of the behavioral tests, the PIR/VIN administered in solution
form could not reverse SCO-induced cerebral hippocampal alterations.
Rats of group 4 treated with the transethosomal formulation caused a
moderate amelioration in the brain histology, compared to SCO treated
group, and showed mild nuclear pyknosis in the hippocampus, while
rats of groups 5 and 6 treated with the microemulsion formulation and
the composite formulation displayed normal histological appearance
with no alterations in the cerebral cortex and hippocampus.

3.8. Assessment of acetylcholinesterase (AChE) activity and lipid
peroxidation product (malondialdehyde) inSCO-treated rats

Acetyl choline (Ach) is the major neurotransmitter involved in the
regulation of learning and memory functions [68], and cholinergic
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Fig. 5. Effect of different formulations of PIR/VIN on SCO-induced behavioral changes: a) Y maze b) Step-through passive avoidance. Data are presented as

mean * SD (n = 6-10). Weight of the animals (200-250 g).

3Significantly different from the control group, "Significantly different from SCO group, “Significantly different from group 3 treated with PIR/VIN solution at
P < 0.05 using ANOVA followed by Tukey-Kramer as a post-hoc test at P < 0.05 for % Y maze test. Passive avoidance non-parametric data was presented as
medians and interquartile range and analyzed by Kruskal-Wallis test followed by Dunn's post hoc test at P < 0.05.

neurodegeneration was found to be highly associated with cognitive
impairment [69]. The concentration of acetylcholine in the brain is
dynamically regulated by the activity of AChE [70], hence it was taken
as a marker of cholinergic dysfunction. Kolmogorov-Smirnov test con-
firmed the normality of the data, and the One-way ANOVA analysis
showed a significant difference between groups (F(5,34) = 54.8, at
P < 0.05). As shown in Table 3, SCO administration increased acetyl
cholinesterase (AChE) activity by 200%, compared to the vehicle
treated group. This was in accordance with previous studies [71,72].

Control

+VIN

The solution form of PIR/VIN could not reverse SCO-induced elevation
in AChE activity. On the other hand, treatment of rats with the trans-
ethosomal formulation Nano 1 significantly decreased AChE activity by
30%, while treatment with the microemulsion and nanocomposite
formulations Nano 2 and Nano 3 respectively significantly reversed
SCO-induced elevation in AChE activity by almost 60%, as compared to
SCO-treated group, with no significant difference them (P > 0.05),
indicating their comparable activity.

Besides cholinergic hypothesis in learning and memory, oxidative

SCO+Nano1 ~  SCO +Nano2 SCO + Nano 3

N,y
S -

fy i g
AN S

Fig. 6. Photomicrographs of H&E-stained rat hippocampal sections ( x 40) showing severe nuclear pyknosis and degeneration (yellow arrows) in the SCO-treated
group and group treated with PIR/VIN solution in both cortex and hippocampus. Mild pyknosis and degeneration were also observed in group treated with the
transethosomal formulation Nano 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 3
Effect of different formulations of PIR/VIN on AChE activity and lipid perox-
idation in SCO-treated rats.

MDA
(nmol/mg protein)

Treated groups AChE activity

(nmol/min/mg protein)

Control 16.7 * 6.2 12.3 * 1.02
SCO (1 mg/kg) 52.6 = 6.9° 25.6 = 1.2°
SCO + PIR + VIN 45.2 + 8.5° 20 + 0.69""
SCO + Nano 1 36.5 + 2.6™° 11.4 + 3.07"¢
SCO + Nano 2 17.6 + 3.8%¢d 13,5 + 1.5"¢
SCO + Nano 3 17.1 + 3.9%¢d 11.6 + 0.9"¢

Data are presented as mean + SD (n = 6-10).

@ Significantly different from the control group.

b Significantly different from SCO group.

¢ Significantly different from group 3 treated with PIR/VIN solution.

4 Ssignificantly different from group 4 at P < 0.05 using ANOVA followed by
Tukey-Kramer as a post-hoc test, since the data represented in the table were
confirmed to be normally distributed upon testing with Kolmogorov and
Smirnov test.

stress is involved in the pathological characteristics of neurodegenera-
tive disorders including AD [73]. Studies have proven that SCO-induced
memory impairment in animal models was accompanied by increased
oxidative stress in different brain areas [74,75]. In order to assess the
effect of different formulations of PIR/VIN on hippocampal oxidative
stress status, we determined the extent of lipid peroxidation in terms of
malondialdehyde (MDA) assessment. Kolmogorov-Smirnov test con-
firmed the normality of the data, and the One-way ANOVA analysis
showed a significant difference between groups (F(5,25) = 66.1, at
P < 0.05). Administration of SCO significantly triggered a pro-oxidant
effect as evidenced by 100% elevation in MDA level, compared to the
vehicle-treated group. This came in accordance with previous studies
which proved that increased lipid peroxidation and depletion of anti-
oxidant defenses can play a major role in SCO-induced cognitive im-
pairment [76,77]. In contrast, all treated groups showed a significant
decrease in lipids peroxidation. Compared to the solution form of PIR/
VIN (group 3), the 3 nanoformulations significantly decreased the ex-
tent of lipid peroxidation by 43%, 32% and 42%, respectively, with no
significant difference between them (P > 0.05). The antioxidant ef-
fects of PIR and VIN were previously proven in a model of toxic de-
myelination of rat brain which was demonstrated by hindering lipid
peroxidation increasing antioxidant enzymes [78].

3.9. Immunohistochemical detection of COX-2 and caspase 3

Neuroinflammation plays a critical role in SCO-induced cognitive
impairment [79]. As shown in Fig. 7, we determined COX-2 protein
expression by immunohistochemical technique. Control rats showed
almost negative immunostaining which is confirmed by showing
minimal optical density. The SCO-treated group displayed a significant
increase in COX-2 protein expression in hippocampal tissue, as com-
pared to the control group, which was evident from the intense brown
staining. Kolmogorov-Smirnov test confirmed the normality of the data,
and One-way ANOVA analysis showed a significant difference between
groups (F(5,34) = 89.9, at P < 0.05) with optical density quantitation.
This was in agreement with previous work showing significant eleva-
tion of inflammatory mediators like COX1, COX2 and IL-1$ [80].
Treatment with the solution form of PIR/VIN could not reverse SCO-
induced elevation in COX-2 protein expression showing an intense
brown color. The transethosomal formulation Nano 1 showed only
moderate immunostaining, while treatment with the microemulsion
and composite formulations (Nano 2 and Nano 3) respectively showed
minimal immunostaining as compared to the treatment with SCO alone
or with groups 3 and 4. Moreover, the composite formulation Nano 3
could completely eliminate the effect of SCO on COX-2 expression
showing a significant effect compared to the microemulsion
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formulation Nano 2. The quantitation was done by measuring the op-
tical density across 10 different fields for each rat section, concluding
that the nanocomposite formulation Nano 3 exhibited the highest anti-
inflammatory effect compared to the other nanoformulations.

Neuronal apoptosis is another critical process affecting learning and
memory [81,82]. It was proven that the key executioner of apoptosis;
caspase-3 was able to induce neuronal dysfunction [83]. As shown in
Fig. 8, we determined caspase 3 protein expression by
munohistochemical technique. Control rats showed almost negative
immunostaining which is confirmed by showing minimal optical den-
sity. On the other hand, SCO-treated group showed a significant in-
crease in caspase 3 protein expression in hippocampal tissue compared
to the control group, which was evident from the intense brown
staining. Kolmogorov-Smirnov test confirmed the normality of the data,
and the One-way ANOVA analysis showed a significant difference be-
tween groups (F(5,38) = 47.1, at P < 0.05) with optical density
quantitation. This was in accordance with previous work showing the
SCO-induced expression of pro-apoptotic markers and neuronal death
[84]. Treatment with the solution form of PIR/VIN could not reverse
SCO-induced elevation in caspase 3 protein expression showing an in-
tense brown color. The transethosomal formulation Nano 1 showed
only moderate immunostaining, while treatment with either the mi-
croemulsion formulation Nano 2 or the nanocomposite formulation
Nano 3 showed minimal immunostaining, as compared to the treatment
with SCO alone or in combination with groups 3 or 4. As similarly
encountered with the COX-2 assessment test, the nanocomposite for-
mulation Nano 3 could completely eliminate the effect of SCO on cas-
pase 3 expression showing a significant effect compared to the mere
microemulsion Nano 2. The quantitation was done by measuring the
optical density across 10 different fields for each rat section, concluding
that the nanocomposite formulation exhibited the highest anti-apop-
totic effect compared to the other nanoformulations.

The focus of this study was to test the hypothesis that nanoformu-
lations composed of aqueous and lipophilic domains would be able to
successfully co-load drugs of previously reported antiamnestic and
learning enhancing capacities but of different lipophilicities, while ex-
erting a therapeutic effect. Another focus was to conclude whether the
use of intranasal route (which would maximally allow the administra-
tion of 100 pl of the formulation) would be an effective delivery mod-
ality or not, and this was also proven in the current work. The con-
centration of drugs in the nanoparticles was 10 mg/ml for PIR and
2.5mg/ml for VIN and rats received a total 100 ul of the combination
intranasally, compared to the large oral doses required from both drugs
if administered via the oral route (piracetam given at a dose of 100 or
300 mg/kg and vinpocetine at a dose of 10 or 20 mg/kg).

To recapitulate, the formulation of piracetam and vinpocetine in
nanoparticulate forms allowed for the exhibition of their therapeutic
activity when administered via the intranasal route. The three nano-
formulations; transethosomes, microemulsion and nanocomposite for-
mulation were therapeutically effective owing to their small particle
size and enhanced transportation potential across the nasal mucosa
[85]. However, the novel composite microemulsion/vesicular for-
mulation displayed better therapeutic efficacy compared to the mere
microemulsion or vesicles in terms of anti-inflammatory and anti-
apoptotic activities, hence delineating them as a novel promising means
of brain delivery.

im-

4. Conclusions

Nanotechnology has proven very effective in providing means for
enhancing the delivery of cognitive enhancers to the brain via the in-
tranasal route. The novel nanocomposite formulation was shown to
exhibit both favorable pharmaceutical as well as pharmacological
properties, hence paving the way for more drug categories to be loaded
within this system to exhibit various therapeutic functions.

Supplementary data to this article can be found online at https://
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Fig. 7. Effect of different formulations on COX-2 expression in SCO-treated rats by immunohistochemical staining (magnification x 10). Quantitative image analysis
for immunohistochemical staining expressed as optical densities across 10 different fields for each section (n = 3). Data are presented as mean *+ SD. *Significantly
different from the control group; "Significantly different from SCO group, “Significantly different from group 3 treated with PIR/VIN solution; %Significantly different
from group treated with transethosomal formulation Nano 1; “Significantly different from group treated with the microemulsion formulation Nano 2, at P < 0.05

using ANOVA followed by Tukey-Kramer as a post-hoc test.
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Fig. 8. Effect of different formulations on caspase 3 expression in SCO-treated rats by immunohistochemical staining (magnification x 10). Quantitative image
analysis for immunohistochemical staining expressed as optical densities across 10 different fields for each section (n = 3). Data are presented as mean = SD.
3Significantly different from the control group; ’Significantly different from SCO group, ‘Significantly different from group 3 treated with PIR/VIN solution;
9Significantly different from group treated with transethosomal formulation Nano 1; ®Significantly different from group treated with the microemulsion formulation
Nano 2, at P < 0.05 using ANOVA followed by Tukey-Kramer as a post-hoc test.
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