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Abstract
Purpose  The present study aims to investigate the neuroprotective effects of carnosine-entrapped elastic liposomes (CAR-
ELs) against cerebral ischemia.
Methods  CAR-ELs were prepared by extrusion method using egg phosphatidylcholine (eggPC) as a phospholipid and 
Tween 80 (TW80) as an edge activator (eggPC:TW80 = 8:2, w/w). The prepared CAR-ELs were purified by centrifugal 
ultrafiltration followed by characterization for particle size, polydispersity index, zeta potential and entrapment efficiency. 
The elasticity of CAR-ELs, the most distinct feature of elastic liposomes, was determined using a stainless steel pressure 
filter and compared with that of conventional liposomes. In vivo neuroprotective effects of CAR-ELs were evaluated in 
cerebral ischemia induced by permanent middle cerebral artery occlusion (pMCAO) in rats. CAR-ELs (250 mg/kg of CAR) 
were intravenously administered 20 min before pMCAO and 6 h after pMCAO, respectively. The infarct volume in brain 
was measured by staining with 2,3,5-triphenyltetrazolium chloride after 24 h of cerebral ischemia.
Results  CAR-ELs showed nanometric particle size near 100 nm and homogeneous distribution with polydispersity index 
below 0.1. The elasticity of CAR-ELs was 2-fold higher than that of conventional liposomes. The brain ischemia was 
successfully developed with pMCAO as indicated by highly infarcted hemisphere (~ 50%) in saline-treated rats. The pre-
treatment with CAR-ELs significantly reduced infarct volume (7.9%) compared with CAR solution (19.1%)- and saline 
(50.8%)-pretreated rats. CAR solution, however, showed better neuroprotective effects than CAR-ELs when administered 
6 h after ischemia induction.
Conclusion  The pre-treatment with CAR-ELs could be promising nanocarrier-based neuroprotective therapeutics against 
ischemic stroke.
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Introduction

Stroke ranks second among the leading causes of deaths 
globally and is one of the primary reason of neurological 
disability in adults (Shah et al. 2019; Yan et al. 2013). There 
are two major types of stroke as ischemic stroke and hemor-
rhagic stroke. Ischemic stroke is characterized by the brain’s 
cell death resulting from the blockage of blood supply to 
brain and accounts for more than 80% of all cases (Doyle 
et al. 2008; Sims and Muyderman 2010). Tissue damage 
in response to ischemic stroke involves multiple pathways 
including oxidative and nitrative stress, acidosis, excito-
toxicity, inflammation, apoptosis, ionic imbalance, peri-
infarct depolarization, matrix metalloproteinase activation 
and breakdown of blood–brain barrier (Doyle et al. 2008; 
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Rajanikant et al. 2007). Restoring the blood flow by using 
thrombolytic such as recombinant tissue plasminogen acti-
vator (rt-PA) is the only approved treatment for ischemic 
stroke in most parts of the world (Green and Shuaib 2006; 
Min et al. 2008). However, the use of rt-PA therapy is lim-
ited due to potential side effects including short therapeutic 
window and increased risk of hemorrhage. In addition, rt-PA 
is only effective within 3 h of ischemia thus restricting its 
clinical applications to only less than 5% of patients (Bae 
et al. 2013). Neuroprotection is an alternate approach to treat 
ischemic stroke, which involves reduction in neurodegenera-
tion and tissue damage by interfering with multiple pathways 
in the ischemic cascade (Green and Shuaib 2006).

Carnosine (CAR) is a naturally occurring endogenous 
dipeptide consisting of alanine and histidine (β-alanyl-l-
histidine) (Shen et al. 2010). CAR is found in many tissues 
of human body such as skeletal and cardiac muscle, liver and 
central nervous system. In brain, CAR is mainly present in 
glial and ependymal cells (De Marchis et al. 2000). CAR is 
safe, well-tolerated and utilized as dietary supplement with-
out serious adverse effects. CAR has been reported to exhibit 
neuroprotective activity owing to its excellent antioxidant 
effect, free radicals scavenging, membrane stabilizing and 
heavy metals chelating properties, regulation of macrophage 
activity, cytosolic buffering and protection against gluta-
mate-induced excitotoxicity (Guiotto et al. 2005; Rajanikant 
et al. 2007; Stvolinsky and Dobrota 2000). Exogenously 
administered CAR might be of great potential to improve the 
neurological outcomes in ischemic stroke. However, deliv-
ery of therapeutic agents to brain is hampered by the rela-
tive impermeability of blood–brain barrier, which protects 
the brain against noxious materials by restricting entry of 
compound and allows essential nutrients to reach the brain 
cells and thus maintaining brain homeostasis (Gabathuler 
2010). The blood–brain barrier is composed of endothelial 
cells of brain capillaries with tight junctions of cell adhesion 
molecules between the capillary endothelial cells (Begley 
2004; Gabathuler 2010). Encapsulation of CAR in elastic 
liposomes (ELs) might be a promising strategy to enhance 
the transport of CAR into brain and protect it against possi-
ble enzymatic hydrolysis. Liposomal formulations have been 
reported to enhance the stability and bioavailability of pep-
tide and proteins (Byeon et al. 2019; Colletier et al. 2002).

Liposomes are biocompatible and biodegradable nano-
carriers capable of encapsulating hydrophilic and lipophilic 
drugs. Conventional liposomes commonly consist of phos-
pholipids and cholesterol and are formed by one or more 
concentric lipid bilayers enclosing an aqueous phase (Din 
et al. 2017). Since conventional liposomes have got limited 
capabilities to cross the biomembranes, elastic liposomes 
(ELs) were developed to impart elasticity and to enable 
them to cross membrane pores smaller than their own size 
by incorporating edge activator into lipid bilayers (Cevc 

et al. 2002). ELs have also been termed or known as flexible, 
deformable, ultradeformable liposomes or Transfersomes™. 
ELs were originally developed to increase permeation of 
therapeutic drugs across the skin, however, their small size 
and elastic nature might allow ELs to cross other biologi-
cal barriers like blood–brain barrier to achieve meaningful 
therapeutic concentration in brain. Oral administration of 
ELs have been reported to enhance blood levels, brain distri-
bution and stability of (+)-catechin compared with aqueous 
solution (Huang et al. 2011). In another study, a direct cor-
relation was observed between elasticity of liposomes and 
amount of olanzapine delivered to the brain via intranasal 
route (Salama et al. 2012). The edge activators in ELs cause 
shape transformation when exposed to space detention in 
biomembranes. The edge activator-induced shape transfor-
mation in ELs is attributed to the local readjustment of their 
bilayer components thereby permitting ELs to deliver their 
payload across the skin (Cevc 2012; Perez et al. 2016).

The purpose of this study is to evaluate the neuropro-
tective effect of carnosine-entrapped elastic liposomes 
(CAR-ELs) in ischemic stroke model in rat. CAR-ELs were 
prepared by using extrusion technique followed by their 
characterization for physicochemical properties. The elas-
ticity of CAR-ELs was determined and compared to that of 
the conventional liposomes. In vivo neuroprotective effects 
in both pre-treatment and post-treatment of CAR-ELs were 
assessed in permanent middle cerebral artery occlusion 
(pMCAO) rat model of ischemic stroke.

Materials and methods

Materials

L-carnosine, cholesterol, Tween 80 (TW80), sodium tetrab-
orate, sodium sulfite, triton X-100, and o-phthalaldehyde 
(OPA) were purchased from Sigma Aldrich (St. Louis, MO, 
USA). Egg yolk L-α-phosphatidylcholine (eggPC) was pur-
chased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). 
Isoflurane was purchased from Hana Pharm Co., Ltd. (Seoul, 
Republic of Korea). All other chemicals were of analytical 
grade and were used without further purification.

Preparation of CAR‑ELs

CAR-ELs were prepared by extrusion method with minor 
modifications (Zeb et  al. 2017). Briefly, phospholipid 
and edge activator were dissolved in chloroform followed 
by evaporation of organic solvent in rotary evaporator 
(Rotavapor® R-3, Büchi Labortechnik AG, Switzerland). 
The evaporator was operated at 40 °C under a reduced pres-
sure of 200 mBar to leave a thin lipid film on the flask. The 
traces of chloroform were removed by purging the lipid film 
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with N2 gas for 30 min. A completely dry lipid film was 
hydrated with 250 mg/mL CAR solution in normal saline 
by vortexing to form multilamellar vesicles. Prior to the 
hydration, CAR solution was maintained at 35 °C which 
is a temperature above the phase transition (Tm) of eggPC 
and close to body temperature. The resultant dispersion was 
finally sonicated for 30 min followed by 10 cycles of extru-
sion through 100 nm polycarbonate membrane using a Mini-
Extruder (Avanti Polar Lipids, Inc., Alabaster, AL, USA) at 
35 °C. Carnosine-entrapped conventional liposomes (CAR-
CLs) were prepared by the same method as described above 
except that TW80 was changed to cholesterol. The composi-
tion of CAR-ELs and CAR-CLs are shown in Table 1. The 
prepared CAR-ELs and CAR-CLs were stored at 4 °C for 
further studies.

Physicochemical characterization of CAR‑ELs

Particle size, polydispersity index, zeta potential 
and entrapment efficiency of CAR‑ELs

CAR-ELs were evaluated for average particle size, polydis-
persity index (PDI) and zeta potential based on photon corre-
lation spectroscopy and electrophoretic light scattering tech-
niques using a Zetasizer Nano ZS (Malvern, Worcestershire, 
UK). For this purpose, 20 µL of CAR-ELs were diluted with 
1 mL of filtered deionized water and the measurements were 
performed at 25 °C with a fixed angle of 90°.

Entrapment efficiency and loading capacity (%) of CAR-
ELs was calculated from the amount of unentrapped free CAR. 
Centrifugation ultrafiltration method was used to separate free 
CAR from CAR-ELs (Li et al. 2012). The CAR-ELs dispersion 
was centrifuged at 14,000×g for 15 min at 4 °C using Ultra-0.5 
centrifugal filter units. The filtrate containing free CAR was 
allowed to react with o-phthalaldehyde/sodium sulfite solu-
tion to derivatize amine group of CAR to N-alkyl-1-isoindole 
sulfonate for UV-spectrophotometric detection (Maldonado 
and Maeyama 2013). The absorbance of filtrate was meas-
ured at 340 nm using UV–visible spectrophotometer (Ultro-
spec 7000, Biochrom Ltd., Cambridge, UK). The amount of 
CAR entrapped in ELs was determined by subtracting the 
amount of free CAR from the total amount of CAR added. 

The entrapment efficiency and loading capacity of CAR-ELs 
was then calculated by using the following equation.

Transmission electron microscopy (TEM)

The morphology of CAR-ELs was examined by field emis-
sion transmission electron microcopy (FE-TEM, JEM-2100F, 
JEOL, Tokyo, Japan) after negative staining (Zeb et al. 2016). 
For this purpose, properly diluted CAR-ELs were placed and 
allowed to adsorb onto the carbon-coated 400 mesh copper 
grid and were negatively stained by adding a drop of 1% phos-
photungstic acid solution. The grids were allowed to dry at 
room temperature and CAR-ELs were finally imaged with 
TEM operated at an accelerating voltage of 200 kV.

Elasticity of CAR‑ELs

The elasticity is a distinctive feature of elastic liposomes which 
enables them to pass through the pore smaller than their own 
size. The elasticity index of CAR-ELs was investigated by 
extrusion method using a stainless steel pressure filter device 
(Lipix extruder, Northern lipids Inc., Burnaby, BC, Canada) 
(Jain et al. 2003; Van den Bergh et al. 2001). CAR-ELs dis-
persion was driven through a 50 nm polycarbonate membrane 
with an external pressure of 0.2 MPa. The volume of CAR-ELs 
extruded through the membrane filter in 5 min was measured. 
The mean particle size of CAR-ELs after extrusion was meas-
ured by using a Zetasizer Nano ZS (Malvern, Worcestershire, 
UK). The following equation was used to calculate the elastic-
ity of CAR-ELs.

where E is the elasticity index of vesicles, J is the volume of 
vesicles extruded through membrane in a unit time, rv is the 
average vesicles diameter following extrusion and rp is the 
pore diameter of permeability membrane (50 nm).

In vivo neuroprotective effects of CAR‑ELs

Animals

Permanent focal cerebral ischemia model was used to evalu-
ate the in vivo neuroprotective effects of CAR-ELs in rats. 
The neuroprotective effects of CAR-ELs were compared 
with those of CAR solution. Healthy male Sprague–Dawley 

Entrapment efficiency (%) =
Weight of CAR entrapped in ELs

Total weight of CAR added
× 100

Loading capacity (%) =
Weight of CAR entrapped in ELs

Total weight of CAR − ELs
× 100

E = J ×

(

r
v

r
p

)2

Table 1   Composition of CAR-ELs and CAR-CLs (mg/mL)

eggPC Egg yolk L-α-phosphatidylcholine, TW80 Tween 80, CH cho-
lesterol, CAR​ carnosine, ELs elastic liposomes, CLs conventional 
liposomes

Formulation eggPC TW80 CH CAR​

Blank ELs 8 2 – –
CAR-ELs 8 2 – 250
CAR-CLs 8 – 2 250
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rats weighing 250–300 g were purchased from Koatech labo-
ratory animal company (Pyeongtaek, Gyeonggi, Republic of 
Korea) and were acclimatized to laboratory conditions for a 
week before the experiments. All animal experiments were 
conducted in accordance with the NIH policy and animal 
welfare act under the approval of Institutional Animal Care 
and Use committee (IACUC) at Hanyang University.

Induction of cerebral ischemia

Cerebral ischemia was induced by permanent middle 
cerebral artery occlusion (pMCAO) in rats with a slight 
modification (Shah et al. 2016, 2018b). The rats were kept 
under isoflurane anesthesia throughout the experimental 
procedure. The body temperatures of rats were maintained 
at 37 ± 1 °C by using blanket and heating lamp. The skin 
around the neck area was incised to expose left middle cer-
ebral artery (MCA). The left common carotid artery (CCA) 
and the external carotid artery were ligated with suture and 
occipital artery arising from ECA was coagulated. Similarly, 
the pterygopalatine artery was ligated after exposing the 
internal carotid artery (ICA). Finally, MCA was occluded by 
inserting a 4-0 silicon-coated nylon monofilament into the 
CCA and the ICA to the origin of the MCA. The occlusion 
of MCA resulted in the induction of cerebral ischemia. The 
cerebral blood flow (CBF) of rats was measured with a laser 
doppler perfusion monitor (PeriFlux system 5000, Perimed 
AB, Järfälla, Sweden) before and after surgery to ensure 
the completeness of occlusion. Rats with fewer than 75% 
reduction in the baseline CBF were excluded from the study.

Treatment with CAR‑ELs

Rats were randomly divided into three groups including 
saline, CAR solution and CAR-ELs group. The investigators 
were kept blind to the allocation of groups during the whole 
procedure. The formulations were injected intravenously via 
lateral tail vein with CAR at a dose of 250 mg/kg. Saline 
group was injected with sterile normal saline to serve as a 
control, CAR solution group was administered CAR solu-
tion (250 mg/mL) in a 0.9% sterile normal saline and CAR-
ELs group was administered with CAR-ELs (equivalent to 
250 mg/kg of CAR). The formulations were administered 
20 min before the induction of cerebral ischemia and 6 h 
after cerebral ischemia induction for the evaluation of pre-
treatment and post-treatment effects, respectively.

Calculation of the infarct volume

The rats were sacrificed by overdosing of isoflurane after 
24 h of ischemia induction and brain was isolated imme-
diately. The brain was washed with cold normal saline and 
sliced into 2 mm thick coronal sections with a tissue cutter. 

The brain sections were stained by incubating in 2,3,5-tri-
phenyltetrazolium chloride (TTC) solution (2%) in PBS 
for 30 min and at room temperature. The stained sectioned 
were then fixed in 4% paraformaldehyde solution for 30 min 
(Shah et al. 2018a). The digital images of sections were pro-
duced by scanning using HP Scanjet 4470c scanner and the 
infarct area of each section was determined by using the NIH 
ImageJ software version 1.44 (National Institutes of Health, 
Bethesda, MD, USA). A total infarct volume (mm3) of brain 
was calculated by summing up the infarct areas of all sec-
tions and multiplying it by section thickness (2 mm). The 
total infarct volume was also corrected for the brain edema 
(Swanson et al. 1990).

Statistical analysis

All experiments were performed at least 3 times and the data 
are presented as mean ± standard deviation (SD) or standard 
errors of mean (SEM). The statistical significant differences 
among the groups were determined by student’s t test. A 
value of p less than 0.05 was considered as statistical sig-
nificant difference.

Results and discussion

Preparation and physicochemical properties 
of CAR‑ELs

CAR-ELs were successfully and reproducibly prepared by 
using eggPC as a lipid bilayer matrix and TW80 an edge 
activator. TW80 is a biocompatible and pharmaceutically 
acceptable surfactant and is widely used edge activator to 
impart elasticity to vesicular formulations for transdermal 
delivery (Chen et al. 2013; Zeb et al. 2018). The physico-
chemical properties of CAR-ELs were investigated in terms 
of particles size, PDI, zeta potential and entrapment effi-
ciency and the results are presented in Table 2. The blank 
ELs showed a particle size of 96.9 nm, while particle size 
slightly increased to 104.4  nm in CAR-ELs. CAR-ELs 
displayed unimodal distribution curve (Fig. 1a) with PDI 
value below 0.1 indicating homogenous and narrow parti-
cle size distribution. PDI value less than 0.300 is generally 
accepted as homogeneous distribution of nanoparticulate 
carriers (Estella-Hermoso de Mendoza et al. 2009; Rizvi 
et al. 2019). Electrostatic repulsion originating from sur-
face charge confers physical stability to colloidal disper-
sions by preventing particles aggregation during storage 
(Estella-Hermoso de Mendoza et al. 2009). Both CAR-ELs 
and blank ELs showed negative surface charges with zeta 
potential values of − 14.4 mV and − 13.8 mV, respectively. 
The negative zeta potential of CAR-ELs might be attributed 
to the partial hydrolysis of polyethylene oxide head groups 
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(CH2–CH2–O)n of TW80 at the surface of vesicles (Lee et al. 
2005; Tasi et al. 2003; Yang et al. 2007). TEM was used 
to investigate the morphology of blank ELs and CAR-ELs 
and images are presented in Fig. 1b. TEM images revealed 
their vesicular structure, spherical and uniform shape. TEM 
results also confirmed the nanometric vesicle size (~ 100 nm) 
of CAR-ELs measured by photon correlation spectroscopy. 

The entrapment efficiency (%) of CAR-ELs was measured 
after derivatization of amine group in CAR for UV-spectro-
photometric detection. The spectrophotometric detection of 
most amino acids is difficult as they are week chromophores 
and show very little light absorbance. Pre-column derivati-
zation was usually performed using UV chromophore or 
fluorophore reagents to analyze such amino acids (Soga and 
Heiger 2000). o-Phthalaldehyde (OPA) is the most com-
monly employed reagent for pre-column derivatization of 
amino acids owing to its sensitivity, simplicity and reli-
ability (Tcherkas et al. 2001). In the current study, OPA/
sodium sulfite reaction was employed to derivatize CAR 
and the entrapment efficiency of CAR into CAR-ELs was 
calculated as 32.3%. A relatively low entrapment efficiency 
of CAR-ELs is attributed to small vesicles size with low 
aqueous compartment volume to accommodate CAR (El 
Maghraby et al. 2001). In contrary to water soluble drugs, 
a high entrapment efficiency in elastic liposomes is usually 
observed for lipid soluble drugs which find place in lipid 

bilayers of the vesicles (Nii and Ishii 2005). On the other 
hand, CAR-ELs showed a high loading capacity of 89% as 
highly concentrated CAR solution (250 mg/mL) was initially 
added to hydrate thin lipid film during the preparation of 
CAR-ELs.

Elasticity of CAR‑ELs

Elasticity imparted by edge activators is a unique property 
which enables ELs to bring about shapes transformation and 
to pass through small pores. The shape transformation in 
ELs occurs at low energy state since edge activators pos-
sess a high radius of curvature and mobility. Upon exposure 
to space confinement or mechanical stress, edge activators 
relocate themselves in the zones of higher curvature/stress, 
while eggPC are positioned in bilayer region with smaller 
curvature. The repositioning of edge activator and eggPC 
allows ELs to drive through the pores smaller than their own 
size without being disassembled (Cevc 2012; Perez et al. 
2016). Tween 80 was selected as an edge activator in the cur-
rent study because of the superior elasticity index to cholic 
acid and its derivatives. Tween 80 has long and flexible 
hydrocarbon chains in its chemical structure which results 
in more flexible lipid bilayers compared with cholic acid and 
its derivatives having bulky and less flexible steroidal rings 
(El Zaafarany et al. 2010; Jain et al. 2003; Zeb et al. 2016). 

Table 2   Physicochemical properties of CAR-ELs and CAR-CLs

Data are expressed as mean ± SD (n = 3)

Formulation Particle size (nm) Polydispersity index Zeta potential (mV) Entrapment effi-
ciency (%)

Loading capacity (%)

Blank ELs 96.9 ± 1.3 0.076 ± 0.017 − 13.8 ± 1.2 – –
CAR-ELs 104.4 ± 1.2 0.089 ± 0.018 − 14.4 ± 2.9 32.3 ± 0.4 89.0 ± 1.1
CAR-CLs 128.5 ± 6.5 0.101 ± 0.020 − 26.9 ± 5.0 37.4 ± 1.1 90.3 ± 2.7

Fig. 1   Particle size distribution (a) and TEM image of CAR-ELs (b)
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The elasticity of CAR-ELs was measured in terms of elas-
ticity index and was compared with that of CAR-CLs. The 
elasticity index of blank ELs and CAR-ELs was 97.87 and 
95.49, respectively, and the elasticity of blank ELs and CAR-
ELs was two times higher than that of CAR-CLs (Fig. 2). 
CAR-CLs are composed of eggPC and cholesterol instead of 
edge activator, which makes their lipid bilayer membranes 
more rigid than ELs with high elastic modules (Tseng et al. 
2007). The presence of surfactant (TW80) and elasticity of 
CAR-ELs would contribute to efficient transport of CAR 
across the blood–brain barrier and improve its neuroprotec-
tive effects in ischemic stroke.

Physiological parameters of animals 
during ischemia model

The physiological parameters of animals play a vital role 
in successful cerebral ischemia induction, producing highly 
reproducible outcomes and minimizing inter-laboratory 
variations (Liu et al. 2009). The physiological variables of 
body weight, body temperature and cerebral blood flow were 

monitored during cerebral ischemia model and the results 
are presented in Table 3. The body weight of rats in saline, 
CAR solution and CAR-ELs was found to be 265–270 g, 
indicating uniformity of body weight among the experi-
mental groups. The body weight of rats affect their arterial 
dimensions and thereby determine the optimum suture diam-
eter to occlude artery and cause cerebral ischemia (Fluri 
et al. 2015). Therefore, matching the occluder diameter and 
coating length with animal weight improve animal model 
consistency. The physical features of the occluding filament 
have been reported to influence ischemia induction rate by 
causing insufficient occlusion, premature reperfusion and 
filament dislodgement (Liu et al. 2009; Spratt et al. 2006). In 
the current study, infarct variations were reduced by utilizing 
uniform body weight rats and accordingly optimized silicon-
coated nylon monofilament for cerebral ischemia induction.

Monitoring and controlling of animal’s body temperature 
is crucial to eliminate harmful effects of hyperthermia and 
neuroprotective effects of hypothermia in cerebral ischemia, 
which lead to variable results in different treatment groups. 
It has been reported that hyperthermia exacerbates ischemic 
brain injury by accentuating ischemic mechanisms within 
the penumbra (Zaremba 2004). On the other hand, hypo-
thermia reduces ischemic brain injury by affecting apopto-
sis, excitotoxicity and neuroinflammation (Yenari and Han 
2012). Fluctuating body temperatures will therefore produce 
variable infarct volume in different rats. The body tempera-
tures of rats before and after cerebral ischemia induction 
were maintained in the normal range of 37.5 ± 0.5 °C in 
each group, thus excluding the chances of outcomes varia-
tion from body temperature. To verify the completeness of 
occlusion, CBF of rats before and after cerebral ischemia 
was measured.

The results indicated that CBF was reduced to 15.5 ± 3.1, 
14.0 ± 3.2, 14.3 ± 3.3 from the base line (100%) after the 
occlusion of MCA in saline, CAR solution and CAR-ELs 
groups, respectively, representing about 96% reduction 
of CBF from their baseline levels. These results confirm 
successful induction of cerebral ischemia as 75% reduc-
tion from the baseline CFA is widely accepted indicator 
of successful cerebral artery occlusion in stroke models 
(Schmid-Elsaesser et al. 1998). Taken together, it is evident 
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Fig. 2   Elasticity index of CAR-ELs and CAR-CLs. Data are pre-
sented as the mean ± SD (n = 3). *p < 0.05 vs. CAR-CLs

Table 3   Physiological parameters of rats during cerebral ischemia model

CAR​ Carnosine, pMCAO permanent middle cerebral artery occlusion, CBF cerebral blood flow, CAR​-ELs carnosine-entrapped elastic liposomes

Group Body weight (g) Body temperature 
(°C) before pMCAO

Body temperature 
(°C) after pMCAO

CBF before pMCAO CBF after pMCAO Reduction 
of CBF 
(%)

Saline 268.0 ± 8.8 37.7 ± 0.7 37.6 ± 0.7 431.5 ± 40.0 15.5 ± 3.1 96.41
CAR solution 270.2 ± 4.5 38.0 ± 0.7 38.0 ± 1.0 451.3 ± 41.7 14.0 ± 3.2 96.89
CAR-ELs 265.5 ± 7.7 37.7 ± 0.5 37.7 ± 0.6 435.8 ± 45.6 14.3 ± 3.3 96.72
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that physiological parameters were uniformly maintained 
throughout the ischemic model and ischemia was success-
fully and reproducibly induced in all experimental groups.

Neuroprotection by CAR‑ELs in cerebral ischemia

The neuroprotective effects of CAR-ELs were investigated 
in rats by measuring infarct volume in cerebral ischemia 
using permanent occlusion. CAR has previously been shown 
to protect the rodents against ischemia brain injury via dif-
ferent mechanisms (Min et al. 2008). In current study, we 
utilized ELs to further improve brain delivery and neuro-
protective effects of CAR in contrary to previous reports 
where ELs were mainly studied to enhance drug delivery via 
skin owing to their stress dependent adaptability (Zeb et al. 
2018). The results showed that CAR-ELs and CAR solution 
were able to reduce brain damage compared with normal 
saline when administered 20 min before the induction of cer-
ebral ischemia (Fig. 3). Treatment with CAR-ELs reduced 
the infarct volume to 7.9% in comparison to CAR solution 
(19.1%) and normal saline (50.8%) as a control, indicating 
better neuroprotection of CAR when administered in the 
formulation of CAR-ELs. The improved neuroprotection of 
CAR-ELs might be attributed to their superior permeability 
across the blood–brain barrier due to nanometric size and 
elastic capabilities. Several mechanisms have been proposed 
to explain nanoparticles-medicated transport of drugs across 
the blood–brain barrier including endocytosis, transcytosis 
and opening of tight junctions between the endothelial cells 
by surfactant molecules of nanoparticles (Saraiva et al. 
2016). The presence of TW80 as edge activator in ELs might 
also adsorb plasma proteins thereby facilitating their binding 
to lipoprotein receptors and transport into the brain (Lim 
et al. 2014; Reimold et al. 2008). The combining effects of 

proposed mechanisms might be ascribed to better neuropro-
tection of CAR-ELs in ischemic rats.

In contrary to treatment before ischemia induction, CAR 
solution showed significantly less infarct volume than CAR-
ELs and saline solution in post-treatment ischemic model 
(Fig. 4). The infarct volume of rats treated with CAR solu-
tion after 6 h of ischemia induction was reduced to 17.1% 
while control and CAR-ELs showed 50.3% and 30.7% of 
infarct volume, respectively. The results showed that CAR 
solution displayed similar neuroprotective effects when 
administered before and after ischemia induction. CAR solu-
tion is immediately available for its neuroprotective effects 
on intravenous administration, thereby resulting in a signifi-
cantly reduced infarct volume even after 6 h of ischemia. It 
has been previously reported that CAR exhibits 9 h thera-
peutic time window in pMCAO model at a dose of 1000 mg/
kg (Bae et al. 2013). In contrary, time lag is required for 
CAR-ELs to show their neuroprotective effects. Therapeutic 
time window might have been elapsed for CAR-ELs, result-
ing in higher infarct volume when administered 6 h post 
ischemia. Taken together, the pretreated CAR-ELs improved 
the neuroprotective effects via effective brain delivery in 
cerebral ischemia rat model.

Conclusion

Elastic liposomes have been widely investigated to deliver 
their payloads across the skin. Their potential to perme-
ate other bio-membranes including blood–brain barrier 
remained unveiled. In this study, CAR-ELs were success-
fully formulated to improve its brain delivery in cerebral 
ischemia. CAR-ELs displayed 2-folds higher elasticity 
than CAR-CLs. CAR-ELs significantly improved neuro-
protective effects of CAR compared with CAR solution 

Fig. 3   Pre-treatment effects of 
CAR-ELs against brain dam-
age during ischemic stroke: 
TTC-stained brain sections (a) 
and infarct volumes (b). Data is 
presented as the mean ± SEM 
(n = 5). *p < 0.001 compared 
with saline group as the control 
and #p < 0.05 vs. CAR solution
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when intravenously administered before ischemia induc-
tion. Consequently, CAR-ELs might be of great potential 
to enhance the therapeutic potential of CAR and to mini-
mize the risk of brain damage in ischemic stroke. Further 
studies to explore transport mechanism across blood–brain 
barrier and a reduced neuroprotective effects of CAR-ELs 
in post-treatment model are highly encouraged.
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