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Abstract: The time window for neuroprotection during ischemic brain stroke is short, and hence, development of
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neuroprotectants is critical to extend this time window. This study sought to verify if muco-adhesive chitosan
coating improves the neuroprotective potential of the pre-proven C-Phycocyanin-pertaining liposome (C-Pc
liposome). The use of chitosan-coated liposomes extended the neuroprotective time window by 6 h after occlu-

sion, and further improved the neuroprotection efficiency of the C-Pc liposome in a rat middle cerebral artery
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occlusion (MCAO) model. Beneficial changes in mRNA expressions of antioxidants, inflammatory cytokines and

glia scar proteoglycans were evident in the C-Pc liposomes. In addition, in the cultured astrocytes, the chitosan-
coated C-Pc liposome expressed anti-oxidative activity without cytotoxicity.

DoI:
10.2174/1381612824666180515123543

Key words: Chitosan, C-phycocyanin, neuroprotection, liposome, ischemia and reperfusion, brain stroke.

1. INTRODUCTION

Stroke, the second leading cause of death in the world, is cate-
gorized as ischemic stroke and hemorrhagic stroke [1, 2]. The death
rate from ischemic stroke is 5 times of death rate from hemorrhagic
stroke. The most typical drug for recanalizing a blood vessel after
an ischemic stroke is tissue plasminogen activator (t-PA), the only
drug authorized by the United States Food and Drug Administration
(US FDA). However, t-PA has many side effects, such as bleeding,
hives, and rashes [3]. Hence, developing other treatments to sur-
pass these obstacles is necessary. In particular, secondary damage
caused by ischemia-reperfusion (IR) is the most critical problem.
The abrupt reperfusion of oxygen creates large amount of reactive
oxygen species (ROS), which can critically damage abnormal
ischemic tissue [4]. For this reason, neuroprotection is crucial to
minimize the secondary damages. Several neuroprotective drugs
have been studied and evaluated in clinical trials [5, 6]. For exam-
ple, C-Phycocyanin (C-Pc) from marine spirulina was demonstrated
to be effective in neuroprotection after ischemic brain injury [7, 8],
and nasally administered liposome-encapsulated C-Pc was shown to
extend the neuroprotective time window [9]. Ischemic stroke has a
short time within which a patient should be treated. Thus, extending
the neuroprotective time window is one of the main objectives of
ischemic stroke studies.

Nasal administration passes the drug through the olfactory bulb,
which is a pathway to the brain. This route overcomes the difficul-
ties of drug delivery through the blood-brain barrier (BBB) [10].
The strategy often utilizes the muco-adhesive potential of a delivery
material or system, because the drug is absorbed by the nasal mu-
cous membrane [11]. By binding with mucin, a muco-adhesive drug
is delivered to olfactory bulb, and not the nasopharynx, and is effec-
tively delivered to the brain. Traditionally, chitosan is used as an
effective material for nasal administration [12]. Because positive
amino groups of chitosan establish ionic interactions with negative
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residues in the mucus sialic acid, chitosan has the capacity to bind
to mucus [13, 14]. In addition to muco-adhesiveness, chitosan is
nontoxic, biocompatible and biodegradable, which makes it an
effective material in a drug delivery system [15]. In this study, to
increase biodegradability, a chitosan degradation method was used
to make oligo-chitosan. Chitosan-coated C-Pc liposomes were
evaluated for their ability to extend the neuroprotective time win-
dow.

2. MATERIALS AND METHODS

2.1. Fabrication of Chi/C-Pc¢/Chol/liposomes

C-Pc/Chol/liposomes were fabricated as previously described
[9, 16]. L-a-phosphatidylcholine from egg yolk (PC; Sigma Ald-
rich, USA) and 33.3% cholesterol (Chol; Sigma Aldrich) dissolved
in chloroform (Sigma Aldrich), were vacuumed for 3 h to make a
film. The dried lipid film was hydrated in 1 ml PBS containing 500
pg/ml of C-Pc (Sigma Aldrich). Freeze at —80°C for 10 min using a
deep-freezer and thawing 20°C for 10 min using a water bath
method was repeated 10 times to prepare unilamellar liposomes.
The solution was extruded to make nano-sized liposomes using an
extruder (Avanti Polar Lipids, USA) equipped with a 100 nm-sized
polycarbonate filter. The fabricated liposomes were coated with
chitosan (Sigma Aldrich) dissolved in 1% acetic acid (0, 0.001,
0.01, 0.1, 0.5%). Adsorption of chitosan was determined using the
drop-wise method for 1 h in 4°C.

2.2. Characterization of Liposomes

Transmission electron microscopy (TEM) using a CM200 mi-
croscope (Philips, USA) was used to ascertain if the chitosan was
successfully adsorbed on the liposome surface. The sample was
placed dropwise on a TEM grid (Electron microscopy Sciences,
USA), stained with 1% uranyl acetate for 10 min, washed with
distilled water (DW), and finally dried in vacuum condition. Zeta
potential and size of the sample were observed with an ELS-Z zeta
potential analyzer (Otsuka, Japan) equipped with dynamic light
scattering (DLS).
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2.3. Cytotoxicity of Chi/C-Pc/Chol/liposomes to Primary Astro-
cytes

Primary astrocytes were isolated and cultured following a pre-
vious procedure [8]. MTT assay (Sigma Aldrich) was performed to
evaluate the cytotoxicity of Chi/C-Pc/Chol/liposomes to primary
astrocytes. The cultured astrocytes in well of a 24-well plate were
exposed to a 500 uM suspension of the liposomes and incubated for
24, 48 and 72 h. 1 ml of 500 pg/mL 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) diluted in culture media
was added to each well and incubated for 1 h in 37°C, after which
500 mL of dimethyl sulfoxide (DMSO) was added to each well to
dissolve the formazan that had formed. The absorbance of the for-
mazan solution was measured at 540 nm using a VARIOSKAN
LUX apparatus (Thermo Scientific, USA).

2.4. Antioxidative Potential of Chi/C-Pc/Chol/liposomes for
Oxidized Primary Astrocytes

Primary astrocytes were seeded in a 24-well plate and cultured
for 2 days. And then the cells were incubated with serum free media
for 1 day. The oxidized astrocytes, which mimicked astrocytes ex-
posed to a high level of reactive oxygen species (ROS) in brain IR,
were produced by treatment with 200 pM hydrogen peroxide
(H,0,). 24 h after H,0O, treatment, chitosan-coated or non-coated
liposomes were treated for 24 h and then MTT assay was con-
ducted.

2.5. Neuroprotective Potential of Chi/C-Pc/Chol/liposomes in a
Rat Model of Middle Cerebral Artery Occlusion (MCAO)

A rat MCAO model was made following a previous procedure
[9]. Six hours after occlusion, 8.34 ul of a liposome suspension was
administered twice in both nasal passages. After 2 days, the modi-
fied neurological severity score (mNSS) was determined with the
test lists (motor, sensory, reflex, beam balance), and the brain was
sliced with a rat brain slicer (Zivic, USA) into 2 mm thick slices.
The slices were stained with TTC (2,3,5-triphenyltetrazolium chlo-
ride) solution (Sigma Aldrich, USA) and the infarct size was meas-
ured.

2.6. Ethical Statement

All animal tests followed national guidelines for the care and
use of laboratory animals and the ARRIVE guidelines
(www.nc3rs.org.uk). The experiment procedure was approved by
the Institutional animal care and use committee of Inha University
(Korea, INHA 161012-447-1).

2.7. Quantitative Real-time PCR (qRT-PCR)

mRNA of liposome-treated rat brain was quantified using qRT-
PCR as previously described [9]. Brain slices (3 mm) were ho-
mogenized and total RNA was purified using an RNeasy MiNi kit
plus (Takara Bio, Japan). cDNA was synthesized using a Quanti-
Fast Reverse Transcription kit (Qiagen, Germany). qRT-PCR was
performed using the QuantiFast Reverse Transcription Kit (Qiagen,
Germany) and Rotor-Gene Q PCR (Qiagen) was used to quantify
the expression level of markers. The primer sequences are listed in
Table 1.

2.8. Statistical Analysis

All experiments were performed three times. T-test was done to
verify statistical significance of data with p-values (* < 0.05,
** <0.01, or ¥*¥* <0.001).

3. RESULTS

3.1. Fabrication and Administration of C-Pc/33% Chol/PC
Liposomes

Chitosan-coated liposomes containing C-Pc were evaluated
concerning their drug delivery ability and degree of extension of the
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recovery time window. Liposomes were fabricated by freezing-
thawing of lipid films consisting of PC and cholesterol. In the chi-
tosan coating step, acetic acid mixed chitosan solution was used.
The rat MCAO model representing ischemia and reperfusion was
used for the in vivo assay. In Fig. 1, Blocking blood flow for 1 h
mimicked ischemia and physically unblocking the occluded blood
vessel mimicked reperfusion, which caused secondary damage.
Nasal administration of the drug proceeded 5 h after reperfusion for
direct delivery to the brain. After 48 h MCAO, an extension of the
neuroprotective time window was assessed by behavioral testing
and tissue recovery.

3.2. Characterization of C-P¢/33% Chol/PC Liposome

Dried chitosan-coated liposomes and non-coated liposomes
were observed by TEM. Non-coated liposomes had a diameter of
112.2 nm of diameter (Fig. 2a) and 0.1% chitosan-coated liposomes
had a larger diameter of 157.2 nm. The thickness of the chitosan
layer was 19 nm (Fig. 2b). Both liposomes were shown as spherical
and 0.1% chitosan coated liposome was bigger than non-coated
liposome. The size and zeta potential of liposomes were analyzed
using a Z-analyzer (Table 2). The diameter of non-coated and 0.1%
chitosan-coated liposomes was 89.30 = 2.23 nm and 105.37 + 1.19
nm, respectively. Non-coated liposomes displayed a mean zeta
potential of -41.55 + 0.72 mV. Liposomes coated with 0.001, 0.01,
0.1, and 0.5% chitosan had a mean zeta potential of 18.59 + 0.43
mV, 36.27 + 0.26 mV, 52.49 £+ 0.78 mV, and 53.96 + 8.46 mV,
respectively. Thus, the zeta potential showed increasing positive
charge with increasing chitosan concentration.

3.3. In vitro Cytotoxicity of C-Pc/33% Chol/PC Liposomes to
Primary Cultured Rat Astrocytes

Cell cytotoxicity and antioxidant effect were measured by the
MTT assay by using rat astrocytes. On day 1, use of non-coated
liposomes and all of the chitosan-coated liposomes decreased cell
numbers (Fig. 3a), compared with the non-treated cells. On days 2
and 3, the number of cells increased in the samples containing non-
coated liposomes and all of the chitosan-coated liposomes. This
indicated that C-Pc incorporated liposomes induce longer-term
proliferation of astrocytes and that the chitosan coating is not cyto-
toxic. In the cell oxidation assay, both non-coated liposomes and
chitosan-coated liposomes displayed antioxidation behavior in the
presence of H,O, (Fig. 3b). Moreover, liposomes incorporating C-
Pc showed better resistance to H,O,.

3.4. In vivo Tests of C-Pc/33% Chol/PC Liposome in the Rat
MCAO Model

The rat MCAO model was used as the in vivo assay. By meas-
uring the infarct volume and evaluating the behavior-related mNSS,
the effect of the chitosan-coated liposomes was measured (Fig. 4).
The infarct volume of the PBS administered rats (Control) was
126.4 mm® on average, while the C-Pc liposome and the chitosan
coated liposome treated groups displayed reduced infarct size by
112.1 mm® and 82.1 mm’, respectively, compared to the control,
especially in the chitosan coated liposome-treated rats (Fig. 4a and
4b). In the mNSS test for evaluating anomalous behavior, both of
the liposome sample-treated groups showed statistically significant
lower scores of 4.6 points and 5.8 points than control. Therefore,
the 0.1% chi/C-Pc/liposomes can be considered to be a better neu-
roprotective effect than the C-Pc/liposomes.

3.5. Biochemical Analyses of the Effect of C-P¢/33% Chol/PC
Liposomes in the Rat MCAO Model

Chito/C-Pc/liposomes displayed greater mRNA downregulation
for an antioxidant enzyme (Fig. 5a) and upregulation for the glia
scar-associated proteoglycan such as phosphacan and neurocan than
the C-Pc/liposomes (Fig. 5b). Both C-Pc/liposomes and Chito/C-
Pc/liposomes decreased the expressions of tumor necrosis factor-
alpha (TNF-a) and no different expression of IL-6 (Fig. Sc¢).
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Table 1. Primer sequences for gRT-PCR analysis.
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Gene Forward (5°—3°) Reverse (3°—5°)
Catalase GCGGATTCCTGAGAGAGTGG TGTGGAGAATCGAACGGCAA
Phosphacan TTGACAAGTGATGAAGAGAG AATCAGCACATCTCGTTCTA
Neurocan TTTCAGTCCACAGCGATCAG AGGAGAGGGATACAGCAGCA
TNF-a GCTTGGTGGTTTGCTACGAC ATGGGCTCCCTCTCATCAGT
IL-6 ACAGCGATGATGCACTGTCA ACGGAACTCCAGAAGACCAG
IL-1B AAATGCCTCGTGCTGTCTGA AGGCCACAGGGATTTTGTCG
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Fig. (2). Morphologies of A) chitosan non-coated liposome and B) 0.1% chitosan-coated liposome observed by Transmission electron microscopy. Scale bar =

50 nm.
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Table2. Zeta potential and size of Chito/Lipo/C-Pec.
Conc. of chitosan 0% 0.001% 0.01% 0.1% 0.5%
Zeta potential (mV) -41.55+0.72 18.59+0.43 36.27+0.26 52.49+0.78 53.96 + 8.46
Size (nm) 89.30+2.23 88.53 +4.56 102.87 £30.77 105.37+1.19 122.13 £ 8.46
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Fig. (3). (a) Cytotoxicity and (b) anti-oxidative potential of chitosan non-coated and coated liposomes on primary astrocytes under oxidative stress.
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Fig. (5). mRNA analyses by qRT-PCR for (a) catalase, (b) glia scar factor phosphacan and neurocan and (c) pro-inflammatory factors TNF-a and IL-6.

4. DISCUSSION

Chitosan-coated C-Pc/liposomes were examined for their ability
to extend the neuroprotection time window, over the pre-confirmed
extension level of C-Pc/liposomes [9]. Previous studies demon-
strated that C-Pc is neuroprotective in the ischemic brain, and that

C-pc/Cholesterol/Phosphatidylcholine liposomes can extend the
neuroprotection time window. The present study was focused on
examining whether chitosan coating increases the neuroprotection
effect, as well as the extension effect of time window of C-
Pc/Chol/liposomes.
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In order to verify this hypothesis, C-Pc/Cholesterol/PC
liposomes were fabricated following the optimal formulation
method [9]. In an isothermal condition, increasing chitosan concen-
trations produce increasingly thicker coating of the liposome sur-
face until saturation. As seen in the zeta potential and DLS results,
liposome size and charge increased with increasing chitosan con-
centration by 0.1%, but no significant differences were observed
between 0.1% and 0.5% chitosan, which mean that the chitosan
coating was saturated over the 0.1% concentration. In addition,
cytotoxicity and antioxidant level did not differ significantly ac-
cording to chitosan concentration. Based on these results, 0.1%
chitosan was selected as the maximum coating concentration for C-
Pc/liposomes.

We have already proven that C-Pc/20~33% Cholesterol/PC
liposomes are thermodynamically most stable, which helps to ex-
tend neuroprotective time window of C-Pc against ischemic brain
stroke [9]. After chitosan coating, liposomes were being more sta-
ble because hydrophilic surface of chitosan hindered self-
aggregation among liposomes, resulting in enhancing dispersion of
liposomes [17, 18]. Chitosan coating can also improve adsorption
ability of liposome on nasal mucous layer since chitosan is polysac-
charide with positively charged ammonium residue and nasal layer
is negatively charged [13, 14, 19]. In other studies, increased ad-
sorption of bioactive materials on nasal mucopolysaccharide layer
was reported to improve drug delivery [20, 21]. That is, with the
same dosage, chitosan coated C-Pc liposome can efficiently deliver
C-Pc more than non-coated C-Pc liposome because of higher stabil-
ity and adsorption ability, which could increase the neuroprotective
potential of C-Pc/20~33% Cholesterol/PC liposomes by improving
the delivery efficiency of C-Pc to the injured brain tissue. Therefore
0.1% chitosan-coated C-Pc/33% Cholesterol/PC liposomes were
examined in the rat MCAO model. By the TTC staining and mNSS
test, both non-coated C-Pc/Chol/liposomes and 0.1% chitosan-
coated C-Pc/33% Cholesterol/PC liposomes have reduced infract
volume and behavioral deficit. Furthermore, chitosan coating on
liposomes have shown improved efficacy on both assay.

C-Pc/liposomes increased the neuroprotective potential of C-Pc
and maintained the extended time window of C-Pc/33% Choles-
terol/PC liposomes. According to other studies, catalase gene ex-
pression is upregulated when the cells are exposed in oxidative
stressful condition to decrease oxidants as ROS [22]. On the other
hand, the downregulated activity of the antioxidative enzyme, cata-
lase, means that the C-Pc/33% Cholesterol/PC liposomes suffi-
ciently acted as an antioxidant, evading the cell catalase activity.
The decreased inflammatory factor TNF-a indicates that the cells
exposed to C-Pc/33% Cholesterol/PC liposomes become more re-
sistant to the oxidative stressful environment and protect neuronal
activity. The increased expression of glia scar mRNA coincides
with the fact that these factors are upregulated to protect the pe-
numbra from being oxidized [23]. As mentioned above, chitosan
coating was proven in molecular-level studies to have better neuro-
protection efficiency than non-coated C-Pc/33% Cholesterol/PC
liposomes.

CONCLUSION

C-Pc/Chol/liposomes were previously proven to extend the
neuroprotective time window by 6 h after occlusion in a rat MCAO
model. In this work, muco-adhesive chitosan was coated onto C-
Pc/Chol/liposomes and the neuroprotective potential was evaluated.
Above all, the chitosan-coated C-Pc liposomes have shown no cyto-
toxicity but anti-oxidative potential in the cultured astrocytes. In the
in vivo MCAO and reperfusion rat model, the chitosan coating also
extended the neuroprotective time window by 6 h after occlusion,
and additionally left a smaller infarct size and improved behavioral
test results, compared with the non-coated C-Pc/Chol/liposomes in
the rat MCAO model. C-Pc liposome mRNA expression of antioxi-
dants, inflammatory cytokines and glia scar proteoglycans were
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positively affected. In conclusion, chitosan coating improves the
neuroprotective potential of C-Pc/Chol/ liposomes in a rat brain
model of IR.

LIST OF ABBREVIATIONS

C-Pc liposome =  C-Phycocyanin-pertaining
liposome

MCAO = Middle cerebral artery occlusion

t-PA = tissue plasminogen activator

USFDA = United State Food and Drug
Administration

IR = Ischemia-reperfusion

ROS =  Reactive oxygen species

C-Pc = C-Phycocyanin

BBB = Blood-brain barrier

C-Pc incorporated and chitosan-
coated cholesterol containing

Chi/C-Pc/Chol/liposomes =

liposomes

PC = Phosphatidylcholine

Chol = Cholesterol

DLS = Dynamic light scattering

TEM =  Transmission electron micros-
copy

DW = Distilled water

DMSO = Dimethyl sulfoxide

H,0, = Hydrogen peroxide

mNSS = Modified neurological severity
score

TTC = 2,3,5-triphenyltetrazolium chlo-
ride solution

qRT-PCR = Quantitative real-time PCR
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