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Abstract

Background Arginine-vasopressin (AVP) is a neuropeptide and provides learning and memory modulation. The AVP (4-5)
dipeptide corresponds to the N-terminal fragment of the major vasopressin metabolite AVP (4-9), has a neuroprotective effect
and used in the treatment of Alzheimer’s and Parkinson’s disease.

Methods The main objective of the present study is to evaluate the molecular mechanism of AVP (4-5) dipeptide and to develop
and synthesize chitosan nanoparticle formulation using modified version of ionic gelation method, to increase drug effectiveness.
For peptide loaded chitosan nanoparticles, the synthesized experiment medium was simulated for the first time by molecular
dynamics method and used to determine the stability of the peptide, and the binding mechanism to protein (HSP70) was also
investigated by molecular docking calculations. A potential pharmacologically features of the peptide was also characterized by
ADME (Absorption, Distribution, Metabolism and Excretion) analysis. The characterization, in vitro release study, encapsulation
efficiency and loading capacity of the peptide loaded chitosan nanoparticles (CS NPs) were performed by Dynamic Light
Scattering (DLS), UV—vis absorption (UV), Scanning Electron Microscopy (SEM), Fourier transform infrared (FT-IR)
spectroscopy techniques. Additionally, in vitro cytotoxicity of the peptide on human neuroblastoma cells (SH-SY5Y) was
examined with XTT assay and the statistical analysis was evaluated.

Results The results showed that; hydrodynamic size, zeta potential and polydispersity index (PdI) of the peptide-loaded CS NPs
were 167.6 nm, +13.2 mV, and 0.211, respectively. In vitro release study of the peptide-loaded CS NPs showed that 17.23% of the
AVP (4-5)-NH2 peptide was released in the first day, while 61.13% of AVP (4-5)-NH2 peptide was released in the end of the
10th day. The encapsulation efficiency and loading capacity were 99% and 10%, respectively. According to the obtained results
from XTT assay, toxicity on SHSY-5Y cells in the concentration from 0.01 pg/pL to 30 ng/uL were evaluated and no toxicity
was observed. Also, neuroprotective effect was showed against H,O, treatment.

Conclusion The experimental medium of peptide-loaded chitosan nanoparticles was created for the first time with in silico system
and the stability of the peptide in this medium was carried out by molecular dynamics studies. The binding sites of the peptide
with the HSP70 protein were determined by molecular docking analysis. The size and morphology of the prepared NPs capable
of crossing the blood-brain barrier (BBB) were monitored using DLS and SEM analyses, and the encapsulation efficiency and
loading capacity were successfully performed with UV Analysis. In vitro release studies and in vitro cytotoxicity analysis on
SHSY-5Y cell lines of the peptide were conducted for the first time.
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material, which is available to authorized users.

P4 Serda Kecel-Gunduz > Graduate School of Natural and Applied Science, Yildiz Technical
skecel@istanbul.edu.tr University, 34220 Istanbul, Turkey

Department of Physical Chemistry and EMaS, Universitat Rovira i
Physics Department, Faculty of Science, Istanbul University, Virgili, 43007 Tarragona, Spain

Vezneciler, 34134 Istanbul, Turkey > Institute of Graduate Studies in Sciences, Istanbul University,

Department of Bioengineering, Faculty of Chemical and 34452 Istanbul, Turkey

Metallurgical Engineering, Yildiz Technical University, ®  Physics Department, Science and Letters Faculty, Istanbul Kultur
34220 Istanbul, Turkey University, Atakoy Campus, Bakirkoy, 34156 Istanbul, Turkey

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40199-019-00325-9&domain=pdf
http://orcid.org/0000-0003-0973-8223
https://doi.org/10.1007/s40199-019-00325-9
mailto:skecel@istanbul.edu.tr

140

DARU J Pharm Sci (2020) 28:139-157

Keywords AVP (4-5) - Hsp70 - Drug delivery - Nanoparticle - Chitosan - Parkinson - MD

Abbreviations

AVP Arginine-vaspressin
CS Chitosan nanoparticles
NPs

AD Alzheimer’s disease
PD Parkinson’s disease
NGF Nerve growth factor
HSP Heat shock proteins

MD Molecular Dynamics

NVT Number of particles, Volume, and Temperature
NPT Number of particles, Pressure, and Temperature
Rg Gyration

RMSD  Root mean square deviation

VMD  Visual Molecular Dynamics

ADME Absorption, Distribution, Metabolism and
Excretion

TED Total energy distribution

Pdl Polydispersity index

FT-IR  Fourier Transform Infrared
SEM Scanning Electron Microscopy
DLS Dynamic Light Scattering

EE Encapsulation Efficiency
LC Loading Capacity

PBS Phosphate Buffered Saline

XTT sodium 3,3'-[1(phenylamino)carbonyl]-3,4-tetrazo-
lium]-3is(4-methoxy-6-nitro) benzene sulfonic acid
hydrate

DMSO Dimethyl Sulfoxide

Background

Arginine-vasopressin (AVP), which acts like a growth factor,
is a neuropeptide that plays important roles such as regulation
of nephron recirculation, water contraction, cardiovascular
functions, cognition, tolerance, adaptation and complex sexu-
al or maternal behaviour in the body and modulating of learn-
ing and memory in human brain [1-3]. Degradation of the
function or level of AVP hormone in the body with aging
causes neurodegenerative diseases such as Alzheimer’s (AD)
and especially, Parkinson’s disease (PD) [4]. Based on a clin-
ical observation shows that the reduced AVP hormone secre-
tion is also caused nocturia which is one of the commonest
nonmotor symptoms in PD [5]. In an in vitro study which is
conducted in 2006, it was predicted that the analog of
arginine-vasopressin could be used in the treatment of (PD)
[1]. The AVP (4-9) and AVP (4-8) are two different analogs
of AVP which have the highest nootropic activity, however,
have very low bioavailability. Due to this reason, the design of
shorter dipeptides and tripeptide fragments of AVP, which can
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pass the blood-brain barrier (BBB) and the gastrointestinal
tract with having high bioavailability, is of great importance
to help to relieve of the symptoms of PD. On the other hand,
AVP (4-5)-NH, (pGlu-Asn-NH,) which is a short peptide
chain is an important dipeptide that corresponds to N-
terminal fragment of major vasopressin metabolite AVP (4—
9), was synthesized with neuroprotective effect. In vitro stud-
ies which was carried out with mouse hippocampal neuronal
cell line (HT-22) showed that when enough concentration of
AVP (4-5)-NH, dipeptide interacted with neurotrophins and
especially, heat shock protein 70 (HSP70) which plays critical
role in the cell growth and survival in many organisms, the
content of endogenous neuroprotective effects increased [1]. It
is also known that Hsp70 is one of the important components
of the cellular network and folding catalysts [6] and inhibits
the formation of «-synuclein fibrils and 3-amyloid during PD
and AD, respectively. Because of over-expression of Hsp70,
molecular chaperones suppress the toxicity of aberrantly
folded proteins that occur in AD and PD [2, 7, 8].

In recent year, pharmaceutical researchers focused on the
encapsulation of the active compounds into the biocompatible
polymers. Polymer encapsulated systems provide long term re-
leased of active compounds like peptides, proteins or genes [9].
Among the polymers, chitosan is safe and non-toxic material
used for encapsulation studies [10]. Chitosan [(1, 4)-2-amino-
2-deoxy-D-glucan] (CS), a derivative of the chitin which is in-
cluded in the shell of crustacean and the cell wall of fungi, is
frequently used in medical field due to its high biocompatibility
and non-toxic effects [11, 12]. In recent years, some studies
which were carried out with the nanoparticular forms of CS
(CS NPs) showed that this organic material can be used for
delivery of various neuroprotective peptides in the body [13].
One of these studies, levodopa (L-DOPA) which is used for
treatment of symptoms of PD was encapsulated in CS NPs
and their cellular effects were observed on PC12 cells [14].
According to the results, L-DOPA-loaded CS NPs increased
the cell viability as nearly 85% while this rate was only as nearly
43% for L-DOPA. These results showed that CS NPs is not only
a drug delivery agent but also it has neuroprotective effects. In
this way, various neuroprotective drugs or peptides can be easily
delivered and their effectiveness can be amplified with CS NPs.
Therefore, the AVP (4-5)-NH, dipeptide was encapsulated by
using chitosan polymer for development of pharmaceutical for-
mulation. The drug delivery system based on CS NPs was syn-
thesized using modified version of ionic gelation method, to
overcome low bioavailability and increase the peptide effective-
ness. In addition, in vitro release profile of AVP (4-5)-NH,
loaded CS NPs was performed against phosphate-buffered sa-
line (PBS) at pH 7.4. Furthermore, in vitro cytotoxicity and
neuroprotective effect of peptide and CS NPs on human
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neuroblastoma cells (SH-SYS5Y) was examined with a colori-
metric method based on the tetrazolium salt (XTT).

In this study, the experimental medium of peptide-loaded
chitosan nanoparticles was created for the first time with in
silico system and the stability of the peptide in this medium
was carried out by molecular dynamics studies. The active
binding mechanism between AVP (4-5)-NH, and HSP70 pro-
tein was investigated using molecular docking method and a
potent pharmacologically features of peptide were also
emerged by ADME (Absorption, Distribution, Metabolism
and Excretion) profile. The characteristic wavenumbers of
the AVP (4-5)-NH, were observed in the experimental vibra-
tional (IR and Raman) spectra together with the fundamental
vibrational wavenumbers which were calculated at the level of
DFT-RB3LYP / 6-31++G (d, p) basis set. Also, the assign-
ments of the fundamental wavenumbers, which were calculat-
ed using the scaled quantum mechanical force field (SQM FF)
method, were performed in accordance with the total energy
distribution of the vibrational modes (TED).

Methods
Materials

AVP (4-5)-NH, dipeptide was purchased from GL-Biochem
Co. CS (Low Molecular Weight) (Cat No: 448869), and
triphenylphosphate (TPP) (Cat No: 241288) were purchased
from Sigma—Aldrich (USA). Acetic acid (Cat No:
1.00056.2500) was purchased from Merck Millipore (100%)
(Darmstadt, Germany). DMEM-F12 Medium, Fetal Bovine
Serum and Penicilum—Streptomycin were obtained from
Gibco. XTT was obtained from Invitrogen. Ultrapure water
from Millipore Milli-Q Gradient System was used to prepare
the solutions for synthesis and cell culture experiments.

Instrumentation

The NPs were prepared with ultrasonic horn (Bandelin,
Sonopuls) and centrifuge (Hettich, Germany). The absorp-
tion spectra were obtained from UV-Vis spectrometer
(Shimadzu, Japan) for used in preparation of calibration
curve of in vitro release study of AVP (4-5)-NH, peptide.
Hydrodynamic size, polydispersity index (PdI) and zeta
potential values were obtained from Zeta-Sizer Nano ZS
(Malvern Instruments, Malvern, UK). Scanning Electron
Microscopy (SEM) (Zeiss Gemini 500) was used to ob-
servation of the morphology of AVP (4-5)-NH, peptide-
loaded CS NPs. Fourier-transform infrared (FT-IR) spec-
tra were recorded using a Jasco 6300 FT-IR. In order to
measure the cell viability, Microplate Photometer
(Thermo Labsystems Multiskan Ascent 354) was used.

Molecular dynamics simulations

Firstly the optimized molecular geometries of the AVP
(4-5)-NH,, chitosan, acetic acid, TPP (tripolyphosphate)
molecules which are used at experimental step have
been obtained by using the Gaussianl6 software [15].
To obtain the parameters and topologies that belong to
the molecules, some specific programs and tools were
used [16—-19]. After all topology and parameter files
were generated for the peptide, (MD) simulation step
was carried out. MD simulation was performed by
GROMACS 2016.1 [20] program using AMBER99SB
force field [21].

In the first system, AVP (4-5)-NH, peptide was put
in a cubic box that was filled with 751 water molecules
using TIP4P water models [22] and then MD study was
realized for comparing with other system. In the second
system, AVP (4-5)-NH, molecule was put in a cubic
box including 30 chitosan molecules, 5 acetic acid and
5 TPP and then, the box was filled with 30,259 water
molecules using TIP4P water models and added 12 Na*
ions to neutralize the net charge of the system. The
energy minimization of systems was achieved using
50,000 steps of steepest descent algorithm. For equili-
brations, the systems were stabilized at 310 K using V-
rescale thermostat for 100 ps as NVT ensemble [23] and
Parrinello-Rahman pressure-coupling with 1.0 bar pres-
sure [24] for 100 ps as NPT ensemble. After the
resulting ensembles, 5 ns MD simulations were run with
2 fs time step for each simulation. During simulations,
LINCS algorithm [25] was used for constraining the
bond length. The graphics were plotted using
XMGRACE [26] and VMD was used for the visualiza-
tion of the box [27].

Molecular docking and ADME analysis

Firstly, the protein used for the docking study was selected
from PDB databank (PDB code: 1S3X) [28] and its homology
model was obtained by the SWISS-MODEL [29] server for
better results. Taking the molecular structure from the result of
MD simulation, the preparation and calculations of molecular
docking was done by Schrodinger Maestro software using the
Glide SP (standard precision) module (Schrodinger Release
2017-4: Maestro, Schrodinger, LLC, New York, NY, 2017)
[30-32].

Firstly, AVP (4-5)-NH, as a ligand molecule was pre-
pared for docking calculations by the LigPrep tool in the
Maestro 11.4 version of the Schrodinger Software pro-
gram using the OPLS3 force field [33]. The 32 stereoiso-
mers were produced for the ligand after the ionization
states at pH 7.0 £2.0 which were selected. The structure
of selected receptor of Heat Shock 70 kDa protein 1
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having a solubility of 1.84 A was prepared by the Protein
Preparation Wizard tool [34]. The polar hydrogens were
added to the heavy atoms and all waters and ions in the
structure were removed. The bond orders were assigned,
charges were defined at pH 7.0 and the selected receptor
was optimized using PROPKA [35]. The heavy atoms in
the receptor were converged by preferring 0.3A° RMSD
and the OPLS3 force field. The Grid box was defined to
the receptor by centering the existing co-crystallized li-
gand using grid generation tool in Maestro 11.4 version.
The ligand was docked into the receptor based on the grid
using standard precision (SP) docking algorithm to rank
the ligand with specific conformation of the receptor mol-
ecule [36]. Drug candidate molecules display favourable
ADME parameters. The Qik-Prop module (Schrodinger
Release 2017—4: QikProp, Schrédinger, LLC, New York,
NY, 2017.) was used to determine the ADME profile of
the drug candidate molecule.

FT-IR analysis

The FT-IR spectra for AVP (4-5)-NH, loaded CS NPs
were recorded on a Jasco FT/IR-6300 spectrometer with
diamond ATR unit in the range 400-4000 cm ' and
2 cm™ ! resolution. The GRAMS/AI 7.02 (Thermo
Electron Corporation) software package was used to pro-
vide the baseline adjustment, second derivative
(Savitzky—Golay function with 2 polynomial and 9
points), and peak fitting which is used band component
analysis procedure. The Raman spectrum of the sample
was taken with a Jasco NRS-3100 micro-Raman spec-
trometer (1200 lines/mm grating and high sensitivity
cooled CCD).

Preparation of AVP (4-5)-NH, peptide loaded CS NPs

CS NPs were prepared using a simple ionic gelation pro-
cess with some modifications as described elsewhere
[37-40]. Optimization studies were conducted, and the
effects of the concentration of chitosan, TPP and peptide
to particles size, polydispersity index and zeta potential
values were investigated. Finally, optimum preparation
method was determined. Briefly, 2 mg of CS were dis-
solved in 10 mL of 0.33% of acetic acid solution under
magnetic stirring at 55-60 °C for an hour. Then, the so-
lution was sonicated another 1 h for completely dissolving
of CS in the solution. Notably, dissolving of CS in aque-
ous medium is very difficult. For this reason, sonication
process is essential. Finally, the pH of the solution was
adjusted to 4.7 with aid of 0.1 M of NaOH. On the other
hand, 10 mL of aqueous TPP solution (1.53 mM) was
prepared and stored at +4 °C for further use. For synthesis
of CS NPs, 3.3 mL of ice-cold TPP solution was injected
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to 10 mL of CS at 4 °C under magnetic stirring. After
10 min later, white turbidity was observed, and this indi-
cated that CS NPs were successfully obtained. For the
synthesis of AVP (4-5)-NH, peptide-loaded CS NPs,
same amounts and the method which is described above
were used. However, to prepare of the peptide loaded CS
NPs, 2 mg AVP (4-5)-NH, peptide were dissolved in
1 mL of ethanol (EtOH) and mixed with 20 mL CS solu-
tion which include 0.33% acetic acid. After the mixing,
6.6 mL of TPP solution injected to this solution at 4 °C.

Dynamic light scattering (DLS) analysis

In order to determine the physicochemical properties of
the NPs in the aqueous medium, DLS measurements were
used. Every electrophoretic light scattering measurement
was performed at 25 °C with 4.0 mW He-Ne laser oper-
ating at a wavelength of 633 nm. Hydrodynamic size, zeta
potential, and Pdl values were reported as the mean of at
least five determinations.

Preparation of calibration curve of AVP (4-5)-NH,
peptide

The calibration curve was constructed with standard solutions
of AVP (4-5)-NH, peptide absorbance values were recorded
at217.2 nm. This curve was used for quantification for further
encapsulation efficiency and loading capacity studies.

Encapsulation efficiency and loading capacity of AVP
(4-5)-NH, peptide loaded CS NPs

UV-Vis spectrometer was used to determine the encapsulation
efficiency and loading capacity of AVP (4-5)-NH, peptide.
The EE and LC were calculated as follows:

(The Total Peptide—Free Peptide)

EE% =
’ The Total Peptide

x 100% (1)

(The Total Peptide—Free Peptide )

LC% =
° ™ Total Amount of the Nanoparticles Weight

x100%  (2)

In vitro release of AVP (4-5)-NH, peptide-loaded CS
NPs

In vitro release study of the NPs was performed in PBS at
pH 7.4 by dialysis method. Briefly, 1 mg/mL of AVP (4-5)-
NH, peptide-loaded CS NPs were sealed with a cellulose
membrane (10 kDa cut-off value) in a dialysis capsule. The
whole system was maintained at 37 °C and kept in a water
bath shaker. During the release process, 1 mL of dialysis me-
dium was used at a predetermined time point (0, 0.5, 1, 2, 3, 4,
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5,6,7,8,9,10, 24, 48, 96, 120, and 240 h) while adding the
same volume of fresh PBS. The released drug concentrations
in each time points were determined as detailed in the follow-
ing equation via UV-Vis spectrometer analysis.

Released Peptide

Rel %) =
clease (%) Total Peptide

x 100% (3)

Scanning electron microscopy (SEM) analysis

The morphology of AVP (4-5)-NH, peptide-loaded CS
NPs was analysed using SEM (Zeiss Supra 50 V). In
order to increase the conductivity of the samples,
8.10"" mbar / Pa vacuum was applied and 100 A thick-
ness gold-palladium (20-80%) plating was performed via
Leica EM ACE600 device. The imaging was conducted
using an accelerating voltage of 3 and 7 kV and with the
30 k times magnification.

Culture of SHSY-5Y cell line

SHSY-5Y (Neuroblastoma) cell line was used for cytotox-
icity experiments (ATCC, Manassas, VA, USA). SHSY-
5Y cells were seeded in 25 cm? cell culture flasks in
DMEM-F12 Medium (Gibco,11320074) supplemented
with Fetal Bovine Serum 10% (FBS-Gibco, 10500064)
and Penicillium—Streptomycin (Gibco,15140122) 0.5%
from 10,000 unit/mL Penicillin =10 mg/mL
Streptomycin). Cells were incubated at 37 °C in 5%
CO, until they reach 80% confluency. Then trypsinization
was performed to remove cells from flask surface. After
trypsinization, medium was added to the cells and centri-
fuged at 1000 rpm for 5 min. After centrifugation, the
supernatant was removed, and cells were counted via a
hemocytometry.

Treatment of AVP (4-5)-NH2, chitosan NPs, and AVP
(4-5)-NH2 loaded chitosan NPs to SHSY-5Y cells

In vitro cytotoxicity assay was conducted on SHSY-5Y
cell lines. The cells were seeded in 96 well flat bottom
microplate with density of 1 x 10* cells for each well and
incubated at 37 °C in 5% CO, incubator for 24 h. Then,
cells were treated with different dilutions (2, 8, 32, 48,
and 64 pg/ul) of AVP (4-5)-NH,, Chitosan NPs, and
AVP (4-5)-NH, loaded Chitosan NPs. After 24 h of incu-
bation, the medium was aspirated and 100 uL of 0.5 mg/
mL 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2 H-tetra-
zolium-5-carboxanilide (XTT) solution (with 7.5 pg/mL
phenazine methosulfate) in fresh medium were added to
each well. The plate was incubated for 4 h at 37 °C in 5%
CO, incubator [41]. The absorbance at 450 nm were read

by multiplate reader (Labline). Percentage of cell viability
was calculated with this formula;

absorbance of test sample

Yocell viability = x 100 (4)

absorbance of control

Evaluation of neuroprotective effect in vitro

Neuroprotective effects of AVP (4-5)-NH,, Chitosan NPs,
and AVP (4-5)-NH, loaded Chitosan NPs on SH-SY5Y cells
were examined. Briefly, SH-SYSY cells were seeded in 96-
well plates and incubated 24 h at 37 °C in 5% CO, incubator.
After that 32 pg/uL AVP (4-5)-NH,, Chitosan NPs, and AVP
(4-5)-NH, loaded Chitosan NPs were separately added to the
wells. After 24 h, medium was discarded, and cells were treat-
ed with 1,5 M of H,O, for 30 min [1]. Medium was discarded
again and XTT method were applied for assay cell viability as
mentioned before. Non-treated cells were used as positive
control and % cell viability calculated via Eq. 4.

Statistical analysis

Statistical comparisons were performed by unpaired Student’s
t test assuming equal variance for cytotoxicity assay.
Differences were considered as statistically significant at p <
0.05. Data are the mean + standard error (SE).

Results and discussion
Molecular dynamics results

Firstly, all molecules were placed into the cubic box that was
filled with 30,259 water molecules using TIP4P water model
(Fig. 1). The net charge of the system was neutralized with
counter ions. In this study, 12 Na* ions were added to sys-
tem for neutralization. For pH adjustment, NaOH were
added to chitosan solution in the synthesis studies that were
done using the ultra-pure water. According to this process,
Na atoms were already available at preparation step of chi-
tosan solution besides neutralization in the molecular dy-
namics study. After the system was completely constructed,
the energy minimization was done using steepest descent
algorithm. In energy minimization step, the potential energy
of system was converged at 1120 steps with —1.5955162 x
10° kj/mol (Fig. S1). For equilibrations, NVT was achieved
for 50,000 steps with a 2 fs time step at 310 K using the V-
rescale thermostat that is a modified Berendsen thermostat
and after NPT simulation at 1 bar result, the system’s aver-
age density was obtained as 1000.34 kg/m > in (Fig. S2).
Lately, MD simulation of molecule with 2,500,000 steps
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Fig. 1 The initial confirmation of the system and counter ions in a cubic
box

was carried out for 5 ns. According to MD simulation, the
average total, kinetic and potential energies were obtained at
—1.14566 x 10° kj/mol, 2.39020 x 10° kj/mol and —
1.38807 x 10° kj/mol, respectively (Fig. S3 and Fig. S4).
When the system was compared with MD study of AVP
(4-5)-NH,, peptide in aqueous medium, it was observed that
potential and total energies decreased while kinetic energy
increased. The range of RMSD that belong to AVP (4-5)-
NH, peptide in the system was seen under 0.2 nm changed
from 0.0004880 to 0.1893775 for 5 ns while the RMSD
range of the peptide in the aqueous medium ranged from
0.0005046 to 0.1024015. According to these results, it was
determined that the structure of AVP (4-5)-NH, did not
change significantly (Fig. 2). These RMSD values were im-
portant for verifying the stability of the structure. The MD
study was given the preliminary information about stability
of the peptide that exposed to the effects of other molecules
in the synthesis of peptide loaded nanoparticles. Although
molecular dynamics studies of various AVP derivatives have
been performed in the literature [42, 43], there are no MD
studies that simulate synthesized peptide loaded chitosan
nanoparticles used in the experimental medium.

Fig. 2 RMSD values of AVP(4—
5)-NH, peptide in aqueous
medium (a) and in the system (b)

HMST (nem)
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Molecular docking and ADME results

Molecular interaction and docking studies are very impor-
tant for computer aided drug design and are used to better
rationalize the action and prediction of the binding modes
of drug candidate molecules. After the protein having 382
sequence length interacted with ligand, the energy of the
docking score for AVP (4-5)-NH, peptide obtained as
—8.205 kcal/mol (Table 1 and Fig. 3). The binding regions
of the Hsp70 kDa protein 1 for AVP (4-5)-NH, were
shown with hydrophobic interactions of TYR15, CYS17
and polar residues of THR14, THR13, THR204, SER16,
SER340. The hydrogen bonds that linked to the ligand to
the receptor which were observed on the binding regions
are THR14 (1.86 A and 2.19 A), LYS271 (2.36 A),
GLY339 (2.42 A and 2.01 A) and ASP366 (2.42 A), re-
spectively (Fig. 3a., 3b., 3¢.). The electrostatic potential
map surfaces of the ligand and receptor protein were also
constituted to define the regions that were electron-rich and
electron-poor (Fig. S5). Moreover, favourable ADME
properties which explain the pharmacological properties
of a molecule that are necessary for being a drug candidate
obtained using Qikprop tool of the Maestro software pack-
age and tabulated in Table 2. Lipinski’s five rules are used
to determine whether the molecule having a pharmacolog-
ical or biological activity, which has chemical and physical
properties that make it an active drug. Lipinski’s rule gen-
erally refers to values that are multiples of 5, and generally
an active drug must accomplish the following criteria [44,
45]. According to these rules, the molecular weight
(mol_MW) of the drug candidate molecule should be less
than 500 Da. The calculated molecular weight was
242.234 g/mol and is among the recommended values (rec-
ommended from 725 to 130). For a molecule of drug can-
didate, an octanol-water partition coefficient (log P) should
not be greater than 5 [46]. Especially, logP coefficient, as
one of estimative factors for BBB (Blood-Brain Barrier)
[47], is crucial for the peptide having neuroprotective prop-
erties. The value of octanol-water partition coefficient that
belongs to peptide was —4.023.

RMSD
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Table 1 The conformation and docking score energies of AVP(4-5)-
NH,

Ligand Energy(kcal/mol) Docking Score(kcal/mol)
1 3.340 —8.205

2 -1.918 —8.204

3 4229 —8.182

4 —1.255 —7.098

According to these rules, the drug candidate molecule
must have 5 hydrogen bond donors (total nitrogen-
hydrogen and oxygen-hydrogen bond). The sum of the
NH and OH bonds gives the number of hydrogen bond
donors and the sum of the N and O atoms in the structure
gives the number of hydrogen bond acceptors. In this
molecule; there are four oxygen atoms which formed at
least one hydrogen bond with THR14, LYS271, SER340

and GLY339, two NH groups and two NH, active groups
which formed one hydrogen bond with ASP366 that make
hydrogen bonds with the protein and shown in Fig. 3c.
Also calculated value for solute as donor-hydrogen bonds
was 4.250 (recommended from 0 to 6). In addition, up to
10 hydrogen bond receptors (all nitrogen or oxygen
atoms) must be present in the molecule and the measured
value of the molecule according to ADME is (8.250)
again among the recommended values (from 2.0/ to
20.0). In addition to these rules, the polar surface area
(PSA) and the number of routable bonds is two of the
defining characteristics of the active drug determination
and selection process. The active drug should have 10 or
less routable bonds and the polar surface area should not
be greater than 140 A2 [48]. For AVP (4-5)-NH, peptide,
the number of rotatable bonds is 8 and the polar surface
area is measured as 180,528 A” (Table 2). BBB permits
diffusion of hydrophobic molecules and small polar mol-
ecules, while restricts the dissolution of bacteria and large

Fig. 3 The binding poses between that active site of Hsp70 Receptor and
AVP(4-5)-NH, peptide (a), 2D ligand interaction of AVP(4—5)NH,
peptide in the active side of the protein (b), the binding interaction of

AVP(4-5)-NH, peptide with THR14 (1.86 A and 2.19 A), LYS271
(2.36 A), GLY339 (2.42 A AND 2.01 A) and ASP366 (2.42 A)
residues of protein, respectively

@ Springer
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Table 2 Docking score and

calculated ADME properties Property Value Recommended

of AVP(4-5)-NH, peptide
Docking score (kcal/mol) —8.205
Polar surface area PSA (A°2) 180.528 (7.0 /200.0)
Molecular weight MW (g/mol) 242234 (130.0/725.0)
Solute as Donor-Hydrogen Bonds 4.250 0.0/ 6.0)
Solute as Acceptor-Hydrogen Bonds 8.250 (2.0/20.0)
Solute Ionization Potential (eV) 9.382 (7.9/ 10.5)
Solute Electron Affinity (eV) —0.740 (=0.9/1.7)
Polarizability (Angstroms”3) 21.554 M (13.0/70.0)
QP log P for hexadecane/gas 8.503 M (4.0/18.0)
QP log P for octanol/gas 20.896 M (8.0/35.0)
QP log P for water/gas 25811 M (4.0/45.0)
QP log P for octanol/water —4.023 (-2.0/6.5)
QP log S for aqueous solubility 2.000 (-6.5/0.5)
QP log S - conformation independent 1.220 (-6.5/0.5)
QP log K hsa Serum Protein Binding —2.059 (-1.5/1.5)
QP log BB for brain/blood -2.516 (-3.0/1.2)
No. of Primary Metabolites 6 (1.0/8.0)
Predicted CNS Activity (— to ++) -
HERG K+ Channel Blockage: log IC50 1.823 (concern below —5)
Apparent Caco-2 Permeability (nm/s) 0 (<25 poor. >500 great)
Apparent MDCK Permeability (nm/s) 3 (<25 poor. >500 great)
QP log Kp for skin permeability —6.820 (Kp in cm/h)
Jm. max transdermal transport rate 3.665 (micrograms/cm”2-h)
Lipinski Rule of 5 Violations 1 (maximum is 4)
Jorgensen Rule of 3 Violations 1 (maximum is 3)
% Human Oral Absorption in GI (+—20%) 0 (<25% is poor)

or hydrophilic molecules in the blood into the cerebrospi-
nal fluid (CSF) [49]. Neuroprotective drugs targeting the
central nervous system must first cross BBB [50]. The
corresponding value calculated by ADME is —2.516 rec-
ommended value range (—3.0 / 1.2). Additionally, solute
electron affinity, solute ionization potential (IP (eV)) were
also taken from the result of Qikprop analysis as
—0.740 ¢V (standard limits from —0.9 to 1.7), 9.382 eV
(standard limits from 7.9 to 10.5), respectively. It is pre-
sented in some oral prodrugs such as dirithromycin, ta-
crolimus, saquinavir, ceftidoren, efonidipine which do not
have the expected molecular weight and PSA values [51].
In this study, AVP (4-5)-NH, peptide having some drug-
like properties was showed that have acceptable for mo-
lecular weight and BBB value for drug candidate.

FT-IR analysis results
The typical absorption bands of CS are given in
Table 3. The broad absorption peak at 3445 cm ' and

the prominent peaks at 1638 and 1558 c¢cm ' correspond
to the O-H stretching and the C=0 stretching for amide

@ Springer

I and N-H bending for amide II vibrations, respectively
and are marked in Fig. 4. The bands at 1412 and
1338 cm' were assigned to C-C-H bending. The C-N
and C-O stretching vibrations were also seen at
1319 em ' and 1052; 1020 cm™' for CS. The bands
which are originated from TPP (P=0) (O-P-O) were
also observed at 1126 and 929 cm '. The observed
and assigned peaks for the polymer are compatible with
the literature [38, 52-57].

In present study, the characteristic wavenumbers of
the AVP (4-5)-NH, peptide, observed in the experimen-
tal vibrational (IR and Raman) spectra are given in
Table 4, together with the fundamental vibrational
wavenumbers, calculated at the level of DFT-RB3LYP
/ 6-31++G(d,p) basis set. The assignment of the
Vibrational wavenumber was performed in accordance
with the total energy distribution of the vibrational
modes (TED), that was calculated using the scaled
quantum mechanical force field (SQM FF) method
[58], with the aid of scaled vibrational wavenumbers
using dual scaling factors [59]. The major IR peaks at
3378 em™'; 3272 cm ' and 3196 cm '; 2992 cm™!
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Fig. 4 The FT-IR spectrum of Chitosan polymer, AVP(4-5)-NH, peptide and AVP(4—5)-NH, peptide-loaded CS NPs in the range of 4000 cm ' -

2000 cm '(a), 2000 cm ! -1000 cm '(b), 1000 cm ' -400 cm ! (c)

indicate N-H and C-H stretching in FT-IR spectrum,
respectively. The primary amide vibrations were
appointed to 1696 em '(IR) and 1535 em™' (IR) which
characterized to amide-I and amide-II for AVP (4-5)-
NH, peptide. In the present study, the C=0 stretching
in peptide group (amide-I) which was calculated and
assigned by TED contributions (77% C=0 stretching,
5% C-N stretching, 3% C-N-H bending) and observed
in the 17151610 cm ' and 1705-1610 cm ' intervals
for AVP(4-5)-NH, peptide and nanoparticle spectra,
respectively.

The band component analyses of the amide-I and
amide II regions of the IR spectra of the peptide and
peptide loaded CS NPs were shown in Figs. 5 and 6,
respectively. The C=0, amide-I and -II bands of the
AVP(4-5)-NH, peptide were clearly shown in the IR
spectrum of CS NPs, indicating the presence of the
peptide in CS NPs. Due to the encapsulation of the
AVP (4-5)-NH, peptide in CS NPs, slight wavelength
and intensity changes occurred in both CS and peptide
bands. Alterations of the amide I and II bands of the
peptide can also be resulted due to the conformational
alteration of the peptide after encapsulation. The peak
observed at 1535 cm ™', in the experimental FT-IR spec-
trum (see Fig. 6), was calculated at 1524 cm ' and was
assigned to the amide-II band of the peptide group by
the help of TED analysis results (dcnp(51) +vcce (4)+
Ven(30) + 8oen(3)). The main H-N-H scissor vibration
for ASN residue was assigned to 1649 cm ™' and the
H-C-H scissors vibrations for PGLU and ASN moiety
were assigned to 1458 cm ' and 1436 cm ' respective-
ly, by the aid of TED (see Table 4).

The wagging and twisting vibrations for PGLU moiety
were observed at 1268 cm ! and 1203 cm™'; 1130 cm ™!,
whereas the wagging vibration for ASN moiety was ob-
served at 1246 cm '. The band at 1306 cm™' was
denominated to C-C-H bending for PGLU. The peaks
at 980 cm ', and 900 c¢cm ! corresponded to C-C
stretching of PGLU, while the peaks at 932 cm 'and
879 cm ' complied with C-C stretching of ASN moiety.
The C-C-N-H torsion vibrations were also identified at
669, 615 and 501 cm ™.

@ Springer

DLS results

Among the different nanomaterial characterization tech-
niques, DLS is the one of crucial and useful method to eval-
uate particle size, size distribution, and the zeta potential of
nanomaterials in solution [60]. In this way, we can understand
how to act of our synthetic drug transport agent in the liquid
and learn about the hydrodynamic size. In Fig. 7a, b, the
average hydrodynamic size, zeta potential and polydispersity
index (PdI) values of blank CS NPs are given as 60.23 nm,
+11.3 mV and 0.219, respectively. It was found that the AVP
(4-5)-NH, peptide-loaded CS NPs have a narrow size distri-
bution with 0.211 and 167.6 nm average particle size as given
in Fig. 7c. On the other hand, As seen from the Fig. 7d, the
zeta potential value of AVP (4-5)-NH, peptide-loaded CS
NPs are +13.2 mV. The results indicated that both blank CS
NPs and AVP (4-5)-NH, peptide-loaded CS NPs are stable in
the liquid because they are more resistant to aggregation due
to their high zeta potential.

These results coincide with other previous studies. One of
these studies, optimization and evaluation of doxorubicin
(DOX) loaded CS NPs were investigated [61]. The result of
this study, zeta potential of CS NPs was found as +8.35 mV
and it was reported that there was not any agglomeration in
solution of CS NPs. On the other hand, in our study, zeta
potential values of blank CS NPs and AVP (4-5)-NH,
peptide-loaded CS NPs were nearly 1.3 or 1.5 fold higher than
+8.35 mV, respectively and therefore, we can say that both
NPs have higher stability in the liquid medium. The effects of
chitosan concentration, TPP concentration and peptide con-
centration to particle size, polydispersity index and zeta po-
tential values were also investigated and tabulated in Table S1,
Table S2 and Table S3, respectively. According to the condi-
tions tested, there is a relationship between increased particle
size and increased concentrations of chitosan and TPP, as well
as the pH of the solution is effective on the stability of the
nanoparticle system [62, 63].

Encapsulation efficiency and loading capacity results

The encapsulation and loading efficiency are the two
crucial indices for the evaluation of nanocarrier systems.
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The encapsulation value indicated that the AVP (4-5)-
NH, peptide was entrapped and AVP (4-5)-NH,
peptide-loaded CS NPs were obtained successfully. The
calibration curve (Fig. 8a) of the AVP (4-5)-NH, pep-
tide was prepared to calculate the encapsulation efficien-
cy of the AVP (4-5)-NH, peptide-loaded CS NPs. The
encapsulation efficiency of the AVP (4-5)-NH, peptide
was calculated via Eq. 1, and it was found as 99%. This
result indicated that, almost all peptide was encapsulated
in CS NPs. A previous study which was used of CS
NPs and the other protein structures showed that molec-
ular weights of protein structures is a key parameter for
a higher encapsulation efficiency [64], and it is known
that encapsulation efficiency can be increased with de-
creased of molecular weight. For this reason, our encap-
sulation efficiency result was found as very higher be-
cause of AVP (4-5)-NH, has a small molecular weight.
On the other hand, loading capacity of the AVP (4-5)-
NH, peptide-loaded CS NPs was calculated as 10%,
from Eq. 2. This means that 10% of CS NPs’ weight
consists of the AVP (4-5)-NH, peptide and each 1 mg
TTe¥cd roughly contains 0.10 mg of the peptide.
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Figure 8b shows the in vitro release profile of AVP (4-5)-
NH, peptide-loaded CS NPs. Because of the degradation
of the CS polymer, the slow diffusion of AVP (4-5)-NH,
peptide from the polymer matrix was obtained. It is also
known that CS NPs have the advantage of slow and con-
trolled drug release, which improves drug solubility and
stability, enhances efficacy, and reduces toxicity [65]. The
results showed that, in first 24 h 17.23% of the peptide
was released and 61.13% of AVP (4-5)-NH, peptide was
also released at the end of the 240th hour. The in vitro
release of catechin from CS NPs was found at 32% within
24 h [66]. According to the results of [66], the entrapment
efficiency of the particles was calculated 60% and the
in vitro release was found to be 32% over 24 h.
However, in our study, the encapsulation efficiency of
the AVP (4-5)-NH, peptide was found as 99% and the
release rate was found only 17.23% in the first 24 h and
we reached about 60% release rate in 10 days.

The stability and integrity of AVP (4-5)-NH,
peptide-loaded CS NPs were checked by time of
in vitro release study, and the dynamic light scattering
and scanning electron microscope analysis were per-
formed after 12nd and 24th hours of the in vitro release
study. The DLS results were given in Fig. S6, and it
was understood that the average particle size of the
AVP (4-5)-NH, peptide-loaded CS NPs increased sig-
nificantly, and its zeta potential value decreased. After
the 12 h in vitro release study, it was found that AVP
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Fig. 5 The band component
analysis of 1715—

1610 cm™'region of the Infrared
spectrum of AVP (4-5)-

NH, peptide (a) and AVP (4-5)-
NH, peptide-loaded CS NPs (b).
Chitosan bands are marked (*)
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(4-5)-NH, peptide-loaded CS NPs had wide size distri-
bution with 0.822, and 679.6 nm average particle size
as given Fig. S6a. As seen from the Fig. S6b, the zeta
potential value of AVP (4-5)-NH, peptide-loaded CS
NPs were—4.80 mV. Scanning electron microscope
was also used to investigate the stability and integrity
of the AVP (4-5)-NH, peptide-loaded CS NPs. SEM
images of AVP (4-5)-NH, peptide-loaded CS NPs after
12nd hours (during in vitro release study) were given in
the Fig. S7. According to the SEM images obtained
from different perspectives, it was found that the AVP
(4-5)-NH, peptide-loaded CS NPs were started to loose
their spherical morphology. Besides, the DLS results for
24th hours were given in Fig. S8, and it was understood
that the average particle size of the AVP (4-5)-NH,
peptide-loaded CS NPs increased, and its the zeta po-
tential value decreased. It was found that AVP (4-5)-
NH, peptide-loaded CS NPs had wide size distribution
with 0.281, and 751 nm average particle size as given
Fig. S8a. As seen from the Fig. S8b, the zeta potential
value of AVP (4-5)-NH, peptide-loaded CS NPs were —
8.65 mV. SEM images of AVP (4-5)-NH, peptide-
loaded CS NPs after 24th hours (during in vitro release
study) were given in the Fig. S9. Similarly, according to
the SEM images, it was found that the AVP (4-5)-NH,
peptide-loaded CS NPs lost more their spherical mor-
phology. When the 12nd and 24th hour results of
in vitro release study were compared, it was seen that
PdI value decreased at the end of 24 h. However, in the

Fig. 6 The band component
analysis of 1556—

1520 cm 'region of the Infrared
spectrum of AVP (4-5)-

NH, peptide (a) and AVP (4-5)-
NH, peptide-loaded CS NPs (b).
Chitosan bands are marked (*)

Drpinal Trave
1o Piered Prace

)

_ Absorbance

o e -
Wavenumber (cm-"}

end of the first 12nd hours PdI value was larger and the
particle sizes were in two different distributions as ap-
proximately 100 nm and 679 nm. The decrease of the
PdI value can be explained by increases size of the
chitosan nanoparticles in the in vitro release medium
and reaching 751 nm size of most of the nanoparticles
after 24 h. Besides, PdI value of nanoparticles was de-
creased, and only one peak was observed for average
particle size distribution. Moreover, zeta potential values
of the AVP (4-5)-NH, peptide-loaded CS NPs were
obtained negatively charged. It was thought that it was
caused by negatively charged TPP with the degradation
of the NPs. Because zeta potential values of nanoparti-
cles increased more by the 24th hours of the in vitro
release study. It was found that the AVP (4-5)-NH,
peptide presented release profile characterized by
sustained release (Fig. 8b). In the first 12 h of in vitro
release study, initial release was amounted as approxi-
mately 15% of loaded peptide. This was caused by pep-
tide which was adsorbed or weakly bound to the surface
area of the CS NPs. With the 24th hours, caused by
cleavage of polymer chains, release was obtained (Fig.
S9).

SEM result

SEM was used to investigate the morphology of the AVP (4-
5)-NH, peptide-loaded CS NPs. In Fig. 9, according to the

AVP{a M, |
Amide-l! g Frmee

Hanoparticle
Amide-dl

Em 1™ N
Wavenumber (cm-"}
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Fig. 7 Dynamic light scattering results. Size (a) and Zeta-potential (b) graphics of blank CS NPs and Size (¢) and Zeta-potential (d) graphics of AVP (4—

5)-NH, peptide-loaded CS NPs

SEM images, the AVP (4-5)-NH, peptide-loaded CS NPs
were spherical particles with a solid dense structure.

Cytotoxicity experiments

The neuroprotective effect of AVP (4-5)-NH,, CS NPs,
and AVP (4-5)-NH, peptide-loaded CS NPs was per-
formed on SH-SYSY cells, because SH-SYS5Y cells were
generally used for neuroprotective assays. XTT method
were applied for assay cell viability [67, 68]. Firstly, the
effect dipeptide and nanoparticle formulations on growth
of SH-SY5Y cells were examined and results shown in
Fig. 10. As seen in Fig. 10, none of the examined formu-
lations has toxic effect on cells. On the contrary, the for-
mulations increased cell viability compared to the control
(» <0.05). This showed that AVP (4-5)-NH,, Chitosan
nanoparticles (with or without AVP(4-5)-NH,) have
neuroproliferative effect on these cells. Because AVP (4—
5)-NH, dipeptide is a neuroprotective peptide and chito-
san is a non-toxic and biocompatible polymer used for the
polymeric nanoparticle structure, the obtained experimen-
tal results are consistent with the related literature results
[1, 69].

Results of neuroprotective effect in vitro

In order to assay neuroprotective effect, it is necessary
to treat with a damaging agent. For this purpose, cells
exposed to AVP (4-5)-NH, peptide, CS NPs, and AVP
(4-5)-NH, peptide-loaded CS NPs were co-treated with
H,0,. As seen in Table 5, pretreatment with 32 pg/uL
of AVP (4-5)-NH, peptide and CS NPs (with or

Fig. 8 Standard curve of AVP(4— -
5)-NH, peptide (a) and in vitro y=31837x 80172
release profil of AVP(4-5)-NH, b e

peptide-loaded chitosan NPs (b)

Absorbance (217.2 nm)

[ L2 LH 03

without AVP (4-5)-NH,), protected cell viability from
undergoing H,O,_induced cell death. The evaluation of
AVP (4-5)-NH, peptide and CS NPs in the current
study indicated that they all have neuroprotective effect
on SH-SYS5Y neuroblastoma cell line (p<0,05). There
are some studies on the neuroprotective effect of chito-
san in the literature [70, 71] and our findings seem to
be consistent with the literature. Besides, AVP (4-5)-
NH; is a peptide that is prominent with its neuroprotec-
tive effect in previous studies. In one of these studies, it
has been shown that AVP (4-5)-NH, peptide in the
concentration of 107 - 1077 M has a neuroprotective
effect against the effect of H,O, on cell cultures [1].
However, HT-22 cell line was used as the cell line in
their study and the effect of AVP (4-5)-NH, alone was
investigated. Since there is no studies in literature on
the encapsulation of AVP (4-5)-NH, peptide with CS
NPs, for the first time in literature, the neuroprotective
efficacy of chitosan-loaded AVP (4-5)-NH, was exam-
ined comparatively in this study, and it was shown that
the combined effect of chitosan and AVP (4-5)-NH,
peptide was much higher than AVP (4-5)-NH,
peptide alone.

Conclusion

In the modelling part of our study; the experimental
medium of AVP (4-5)-NH, peptide-loaded CS were cre-
ated for the first time with in silico system and the
stability of the peptide in this medium was carried out
by molecular dynamics studies. To evaluate the

04 05 [ 1]
Tima ()

Concentration (mg/mL}

(a)
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Fig. 9 SEM images of AVP(4-5)-NH, peptide-loaded CS NPs

molecular mechanism of AVP (4-5)-NH, peptide with
HSP70 protein, molecular docking calculations were in-
vestigated. The active binding mechanism between pep-
tide and protein were described using theoretical calcu-
lation methods and a potent pharmacologically features
of peptide was also unveiled by ADME profile. The
characteristic wavenumbers of the AVP (4-5)-NH,
peptide were observed using IR and Raman spectra
and the fundamental vibrational wavenumbers of the
peptide were calculated at DFT-RB3LYP /6-31++G (d,
p) basis set. Also, the assignments of the fundamental
wavenumbers were assigned in accordance with the total
energy distribution of the vibrational modes (TED)
analysis.

Fig. 10 Effect of AVP(4-5)-NH,,
CS NPs, and AVP(4-5)-NH,
peptide-loaded CS NPs on cell
viability of SH-SYSY cells

in vitro (Error bars indicate stan-
dard deviation)

% cell viability
= = = = = N
B [=2) ) o N B [=2] 00 o
o o o o o o o o o
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In the experimental part of our study; AVP (4-5)-NH,
peptide-loaded CS NPs was prepared by a simple and
mild method of ionic gelation method to overcome low
bioavailability and to increase drug effectiveness. By
using dynamic light scattering (DLS), Fourier-Transform
Infrared (FT-IR) spectroscopy, UV-Vis Spectrometer char-
acterization methods, the structure of the nanoparticles
were revealed. The morphology of the prepared nanopar-
ticles was observed from SEM, and the nanoparticles
were spherical form. Based on the in vitro controlled re-
lease study against PBS at pH 7.4, in first day 17.23% of
the peptide was released, but 61.13% of AVP (4-5)-NH,
peptide was released at the end of the 10th day.
Neuroblastoma cells were particularly selected for the rea-
son of AVP (4-5)-NH, peptide has neuroprotective effect
and used in the treatment of Alzheimer’s and Parkinson’s
disease. There is limited information about cytotoxicity of
AVP (4-5)-NH, peptide, so we studied the cytotoxicity of
AVP (4-5)-NH, peptide on neuroblastoma cells. CS NPs
with or without AVP (4-5)-NH, peptide was firstly ob-
tained in this study and their cytotoxicity were also exam-
ined. The results of cytotoxicity experiments showed that
there is no cytotoxicity of AVP (4-5)-NH, peptide or CS
NPs with the concentrations we studied. In fact, they have
neuroproliferative effect on SH-SYSY cells. Their neuro-
protective effect was examined with co-treatment with
H,0O, and consistent with the literature, AVP (4-5)-NH,
peptide was shown as neuroprotective effect in vitro.
There is no studies in literature on the encapsulation of
AVP (4-5)-NH, peptide with CS NPs, for the first time in
literature, the neuroprotective efficacy of chitosan-loaded
AVP (4-5)-NH, was examined comparatively in this
study, and it was shown that the combined effect of chi-
tosan and AVP (4-5)-NH, was much higher than AVP (4—
5)-NH, alone.

4
Concentration (ug/mL)

u AVP(5-4)-NH2 CSNPs  m AVP(5-4)-NH2 loaded CS NPs
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Table 5 Neuroprotective effect of AVP(4-5)-NH, peptide, CS NPs,
and AVP(4-5)-NH, peptide-loaded CS NPs on SH-SY5Y cells against
H,0, induced cell death (+ sign indicates standard deviation)

Control- H,O, AVP(5-4)-NH, Chitosan NPs AVP(5-4)-NH2
loaded Chitosan NPs
534422 73,2 +4,6 70,9+3,3 78,3+7,1
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