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ABSTRACT

Huntington’s disease is a fatal disease that occurs when the number of CAG trinu-
cleotides in the IT-15 gene repeats itself more than 35 times. In this study, modi-
fied chitosan polymers were synthesized and characterized. siRNA loaded nano-
particles were prepared and characterized. The results showed that the modified
chitosan was successfully synthesized and targeted. As a result of the characteriza-
tion studies, the particle size, polydispersity index and zeta potential of the siRNA-
loaded nanoparticle were found to be 99.0 + 5.1 nm, 0.3190 + 0.004, and 14.9 +
3.04 mV, respectively. Lyophilization was successfully achieved with a trehalose
rate of 20%. As a result of 12 months of stability, the particle size of the formula-
tions was found to be the highest 273.766 + 8.957 nm, the highest polydispersity
index was 0.324 + 0.016, and the highest zeta potential was 45.35 + 1.79 mV. In
agarose gel electrophoresis studies, the siRNA:modified chitosan ratio was found
to be 5:1. siRNA-loaded nanoparticles maintain the integrity of siRNA for 24h.
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INTRODUCTION

Huntington’s disease (HD) is a progressive neurological condition resulting
from the expansion of CAG repeats that encode polyglutamine at the N-termi-
nus of the huntingtin protein. The HD gene (IT-15) spans 180 kb and is classi-
fied into four categories according to the quantity of CAG repeats. Individuals
possessing 26 or fewer repeats are considered healthy, whereas those with 27
to 35 repeats exhibit intergenerational instability. Those who are more than 35
synthesize the disease protein. The striatum is the predominant brain area as-
sociated with instability, experiencing particular deterioration®2.

HD induces involuntary movements, motor coordination impairments, cogni-
tive decline, and psychiatric issues. The pathogenic characteristic is the selec-
tive death of neurons in the basal ganglia of the brain. Symptoms encompass
weight reduction, muscular debilitation, metabolic irregularities, and endo-
crine abnormalities. Atrophy is evident in multiple brain regions, particularly
in severe instances?.

HD, which is autosomal dominant; In American, European, and Australian
societies, it affects about 5-10 out of every 100,000 people in the white race+s.
The age of onset of the disease may vary from childhood to the end of eighty
years of age®. However, the most common age range of the disease is between
30-50°. The average time between the occurrence of the disease and death is
between 17-20 years>°.

Treatment is carried out by symptomatic treatment of motor, behavioral, and
psychiatric disorders. There is still no drug that modifies the disease>°. Un-
fortunately, current pharmacotherapy in HD does not offer anything beyond
temporary relief of symptoms and fails to stop both the underlying cause and
progression of the disease. Therefore, it is very important to better provide
standard care for Huntington’s patients and to develop a new treatment strat-
egy that will stop the progression of the disease.

RNA interference (RNAI) is a rapidly evolving field in biological research, po-
tentially treating certain diseases by blocking protein production by inhibit-
ing or degrading mRNA translation or degrading mRNA. This intracellular
pathway allows cells to regulate gene expression through microRNAs, playing
a crucial role in development”®. siRNAs are loaded on RNA-based silencing
complex (RISC), activated by thermodynamic selection or siRNA expansion.
RISC targets specific complementary mRNA transcriptions, preventing pro-
tein production, and catalyzing numerous chain reactions, increasing the po-
tency of gene silencing compared to ASOs9°.
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The main pathways for transport from the nose to the brain are olfactory epi-
thelium, olfactory nerve, and blood circulation. The olfactory nerve pathway is
formed by fusion of olfactory sensory nerve axons. It travels from the ethmoid
bone to the cranial cavity, where it makes synoptical unions with epiplexus
and mitral cells in the olfactory bulb. Drug molecules remain in the olfactory
mucosa after intranasal administration, passing through olfactory epithelial
cells and accumulating in Bowman’s gland and Sertoli cells in the brain. They
also pass through intercellular gap junctions and accumulate in brain tissues.
Chitosan, which is a semi- natural cationic biopolymer, offers advantages like
biocompatibility, biodegradability, low toxicity, easy preparation, and high
loading capacity for hydrophilic drugs, making it a useful carrier for plasmid
DNA, siRNA, and cancer drugs". PEGylation is a recognized method for cir-
cumventing the elimination of nanoparticles by macrophages. This technique
involves coating nanoparticle surfaces with an anti-fouling polymer, such as
polyethylene glycol, which is non-toxic and non-immunogenic; this process is
referred to as “PEGylation.” PEGylation also entails the alteration of the di-
mensions and morphology of nanoparticles. PEGylation of nanoparticles has
been identified as an effective strategy for prolonging nanoparticle circulation
time while evading liver macrophages. PEGylation forms a hydrophilic barrier
surrounding nanoparticles, safeguarding connections between complement
proteins and immunoglobulins (opsonin proteins) through steric repulsion
forces, therefore obstructing and postponing the early phase of the opsoniza-
tion process. Consequently, PEGylation has demonstrated a significant en-
hancement in the circulatory half-life of nanoparticles by multiple orders of
magnitude®. For this reason, nanoparticles were PEGylated. In addition, since
the number of N-methyl-D-aspartic acid (NMDA) receptors in HD is increas-
ing, the developed nanoparticles have been targeted with NMDA3,

For instance, Sava et al. found the particle size and zeta potential of siRNA-
loaded chitosan nanoparticle formulations developed for use in the treatment
of HD between 103.7-205 nm and 42.5-54.7 mV, respectively. As a result of the
study, when intranasally administered siRNA-loaded chitosan nanoparticles
were compared with intranasally administered siRNA, they found that siRNA-
loaded chitosan nanoparticles inhibited the synthesis of mutant huntingtin
protein at a rate of 77% compared to siRNA.

This study aims to demonstrate the effectiveness of siRNA-loaded modified
chitosan nanoparticles in treating HD, as a new treatment and to enhance the
effectiveness and reduce side effects of current treatments.

Acta Pharmaceutica Sciencia. Vol. 63 No. 2, 2025 | 251



METHODOLOGY
Materials

Human siRNA Oligo Duplex (siRNA), trilencer-27 fluorescent-labeled trans,
siTran 2.0 siRNA transfection reagent were purchased from Oligogene
(USA). Low molecular weight chitosan (Chi) (75-85% deacetylated), gallic
acid (GA), 3-dimethylamino-1-propylchloride hydrochloride (DAPC), N-(3-
dimethylaminopropyl)-N’-ethylcarboimide hydrochloride (EDAC), acetic acid,
sodium hydroxide (NaOH), methoxy-PEG 2000 (MPEG), isopropanol, sodi-
um acetate, phosphate buffer solution (PBS) tablets, tris base, EDTA, agarose,
ethidium bromide (EtBr), and bromophenol blue, in tris-acetate-EDTA buffer
(TAE), tris-borate-EDTA (TBE), N-methyl-D-aspartic acid (NMDA) were pur-
chased from Sigma Aldrich (Germany). Sodiumtripolyphosphate (TPP), etha-
nol, fetal bovine serum (FBS), were purchased from Merck (Germany).

Methods
Synthesis of PEGylated and targeted of chitosan polymers

Firstly, Chi-GA was synthesized by the reaction between Chi and GA, then Chi-
GA product was reacted with DAPC for the preparation of the Chi-GA-DAPC
product. Afterwards, Chi-GA-DAPC product was pegylated using MPEG and
Chi-GA-DAPC-MPEG product was obtained. Finally, Chi-GA-DAPC-MPEG
product was targeted with NMDA for the preparation of the targeted product
Chi-GA-DAPC-MPEG-NMDA.

Chi was dissolved in 4% acetic acid solution as 1% (w/v). GA (1 mole of GA per
1 mole of glucosamine unit) was dissolved in 10 mL of ethanol and EDAC was
used to activate the carboxylic acid groups of GA. Since the concentration of
Chi to be used in the synthesis is very high and the high solubility of Chi is de-
sired, the acetic acid concentration has been determined as 4% to obtain high
solubility of Chi. The mixture was stirred at room temperature for 24 hours,
and the pH was adjusted to 8.5-9.0 with 1 N NaOH for the precipitation of Chi-
GA product. To purify the Chi-GA, the precipitated product was centrifugated
and washed. Synthesis of the Chi-GA-DAPC product was realized by the reac-
tion of Chi-GA with DAPC in alkaline pH 8.5-9. In addition, DAPC (0.5 moles
of DAPC per 1 mole of GA modified glucosamine unit) was dissolved in 1.176
mL of isopropanol and this solution was added to the Chi-GA solution at a rate
of 168 uL every 5 minutes and mixed for a period of 30 minutes. The mixture
was stirred at 500 rpm for 4 h, and at the end of the incubation period, 60 mL
of technical ethanol was added to stop the reaction.
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Pegilation of the Chi-GA-DAPC, this product was dissolved in 1% acetic acid,
and MPEG was added to the solution. The mixture was stirred 50°C for 48
hours, dialyzed against deionized water for 24 hours, and lyophilized at -50 +
1°C at a pressure of 0.01 mBar. The purified Chi-GA-DAPC-MPEG product was
stored at +4°C. To obtain the targeted polymer Chi-GA-DAPC-MPEG-NMDA,
Chi-GA-DAPC-MPEG was dissolved in 4% acetic acid, and NMDA (0.02 mol
NMDA per 1 mole of glucosamine unit) was dissolved in ethanol, then this
solution was activated with EDAC. EDAC-activated NDMA solution was added
to the Chi-GA-DAPC-MPEG solution, mixed under the N, gas for 24 hours,
and the pH adjusted to 8.5-9 for the precipitation of the product. The Chi-GA-
DAPC-MPEG-NMDA product was purified by centrifuging at 6000 rpm for 5
minutes, washed with deionized water, and lyophilized at -50 + 1°C'.

Characterization of synthesized polymers
Determination of molecular weight of polymers

The study aimed to determine the molecular weight and molecular weight
distributions of suitable polymers for nanoparticle preparation using the Gel
Permeation Chromatography (GPC) method. The TOSOH EcoSEC branded
GPC/SEC system was used to determine the average molecular weights and
molecular weight distributions of modified polymers. The study used chitosan
and modified chitosan products, which were dissolved overnight in a 1% acetic
acid solution, diluted twice with sodium acetate, filtered through a 0.22 ym
membrane, and transferred to vials®.

Determination of structural properties of polymers

The structural properties of the synthesized polymers were investigated by Fou-
rier Transform Infrared (FT-IR) Spectroscopy, 'H NMR and *C NMR analyzes.

Fourier Transform Infrared Spectrophotometry (FT-IR)

The structures of all synthesized products were illuminated by Fourier Trans-
form Infrared Spectrophotometer technique. FT-IR analyses showed that the
Cary 630 model (Agilent; USA) on the FT-IR device. Using tablets diluted with
a product/KBr ratio of 1/200 mg, the spectra was recorded in the wavenumber
range of 650-4000 cm™.

Nuclear Magnetic Resonance (‘H-NMR and 3C-NMR)

In addition to the FT-IR method, the UNITY INOVA nuclear magnetic reso-
nance spectrophotometer (Varian, Canada) was used to elucidate the struc-
tures of their products. Analyses were performed using MSO - d6:D20 sol-
vents and 500 MHz and 25°C parameters.
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Thermal analysis

Thermogravimetric analysis (TGA) was performed to determine the thermal
degradation properties of the synthesized polymers. For this purpose, TGA
analysis of the samples (15 mg) placed in aluminum crucible was carried out
with a thermogravimetric analyzer (Linseis, STA PT 1750 model, USA) with a
heating rate of 10°C/minute up to 1000°C by sending air into the system at a
speed of 0.4 L/min.

Preparation and characterization of siRNA-loaded chitosan nano-
particles

Positively charged modified chitosan nanoparticles were prepared by ionic
gelation technique using tripolyphosphate?. Stock chitosan solutions of 0.3%
were prepared for the preparation of nanoparticles obtained from modified
Chi polymers. Nanoparticles were obtained using a 0.1% TPP solution. The
final concentration of 0.025% with the synthesized polymers was studied as
shown in Table 1 with a Chi:TPP ratio of 6:1 for 5 mL Chi nanoparticles. TPP
was added drop by drop to the Chi solution stirring at 300 rpm, with 3 seconds
between each drop.

Table 1. Preparation of modified Chi nanoparticles

Modified : . TPP
Formulation Codes Chi solution N:.(:,d[:'ggt?:' solution \I(\Inz::-e)r
(mL) (mL)
Chi-GA-DAPC
Chi-GA-DAPC-MPEG 0.417 6:1 0.208 4.375
Chi-GA-DAPC-MPEG-NMDA

The procedure applied for all modified Chi polymers.

The siRNA added to the nanoparticle by ionic interaction method. For this,
the first nanoparticles were prepared as mentioned. Afterwards, for 30 min,
nanoparticle and siRNA together stirred at 50 rpm.

Particle size, PDI and surface charges of nanoparticles

The particle size and poly dispersity index (PDI) of the nanoparticles were de-
termined using the photon correlation spectroscopy method (Malvern Zeta-
sizer, Nano-ZS). The zeta potential of the formulations was investigated with
a Malvern Zetasizer at 25°C, 78.5 dielectric constant, 5 mS/cm conductivity,
using DTS 1060C zeta cuvette, and 40 V/cm field power.
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Lyophilization of formulations and moisture determination

After the addition of cryoprotectant (trehalose) at different ratios (5%, 10%,
20%, 40%), 5 mL of formulations were frozen in 10 mL glass vials in the freezer
at -20°C for 2 hours. Then, it was lyophilized with a VirTis AdvancePlus brand
lyophilizer device under 17 mTorr pressure at -45°C for 48 hours.

The lyophilized samples were re-dispersed and analyzed by measuring par-
ticle size, particle distribution and zeta potential at certain time intervals for
4 hours. All measurements are the result of at least 3 parallel studies and the
measurement has been repeated at least 5 times.

For moisture determination studies, lyophilized formulations were carefully
weighed to determine the initial weight (IA). They were then heated in an oven
from 30°C to 100°C. They were immediately weighed, and their final weight
(FA) was found®. The % moisture content is calculated according to the fol-
lowing formula:

Equation 1. % moisture content determination

X 100

Moisture (%) =

Agarose gel electrophoresis studies

The study investigated the stability of siRNA loaded on nanoparticles in a for-
mulation using agarose gel electrophoresis. The agarose was dissolved in tris-
acetate-EDTA buffer (TAE), then EtBr was added. The gel was then placed in a
tank with pH 8.0 TAE buffer and optionally mixed with 6x agarose gel loading
dye. The electrophoresis process was completed in 1 hour at 100 V. The gels
were then examined on a UV transilluminator®.

Evaluation of serum stability of nanoparticles

The study demonstrates the integrity of siRNA nanoparticles at different time
intervals using polyacrylamide gel electrophoresis. The nanoparticle formula-
tion was enriched with 5% FBS, and 30 pL samples were taken at different
times and stored at -20°C. Heparin was added to the formulations and waited
for 1 hour for siRNA separation. The integrity of the siRNA was analyzed us-
ing 20% polyacrylamide gel electrophoresis stained with 1% EtBr. The gel was
prepared by mixing 40% acrylamide with 10X TBE buffer and distilled wa-
ter, adding ammonium persulfate and tetramethylenediamine, and applying
electrophoresis loading buffer with 6x agarose gel loading dye. Samples were
conducted for 30 minutes at 200V amperes, and the gel was kept in TBE buffer
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containing 1% EtBr for 30 minutes. The gels were then examined on a UV tran-
silluminator for polyacrylamide gel=°.

Stability studies

Lyophilized Chi-GA-DAPC-MPEG-NMDA formulations were stored in a sta-
bility cabinet at 0, 3, 6, 9, and 12 months at 4 + 2°C (in the refrigerator), 25 +
2°C and 60 + 5% relative humidity and 40 + 2°C and 75 + 5% relative humid-
ity to measure particle size, polydispersity index, and zeta potentials. Stability
studies were carried out in accordance with the ICH Guidelines®2.

RESULTS and DISCUSSION
Molecular weight determination studies of synthesized polymers

The results of the determination of molecular weights of Chi-GA-DAPC-
MPEG, Chi-GS-DAPC-MPEG-NMDA polymers are shown in Table 2. When
the molecular weights of Chi-GA-DAPC-MPEG polymer and the related PDI
results were examined, it was seen that the Chi-GA-DAPC-MPEG obtained as
a result of this study were in appropriate weights and showed a very good dis-
tribution (monodisperse). The average molecular weight of the Chi, which is
commercially sold as “low molecular weight” by Sigma, which was obtained in
previous studies, is 284.0 + 2.9 kDa and the PDI is 2.62 + 0.05, which confirms
our result’s. However, the reason why the molecular weight of Chi-GA-DAPC-
MPEG polymers is lower than the molecular weight of commercially sold Chi
is thought to be that the chains of Chi are broken due to temperature and en-
vironmental factors during the modifications made, and then purification and
removal processes are applied®.

Table 2. Average molecular weight determination results of modified Chi polymers

Formulation M, (kDa) M, (kDa) PDI (M, /M)
Chi-GA-DAPC-MPEG 92.00+0.53 | 99.00+0.66 | 1.079=0.01
Chi-GA-DAPC-MPEG-NMDA 3184025 | 40.79+0.27 | 1.281+0.370

Determination of structural properties of polymers
FT-IR spectra

A careful comparison of the Chi-GA-DAPC-MPEG and the Chi-GA-DAPC-
MPEG-NMDA FTIR spectra presented in Figure 1 indicates definite differ-
ences about some absorption bands related to the reactions.
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Figure 1. FT-IR spectra of Chi-GA-DAPC-MPEG and Chi-GA-DAPC-MPEG-NMDA

When the FT-IR spectra (Figure 1) were evaluated, new secondary amide
structure formation by the reaction between the primary amine (NH_) group of
Chi-GA-DAPC-MPEG and the carboxyl (COOH) group in NDMA molecule was
observed at about max. 1651 cm™ corresponding to the stretching vibrations of
the Amide I C=0 bonds. It has also been observed that formation of the new
ester structures (at about max. 1600, 1418, 1394, and 1316 cm™ correspond-
ing to the stretching vibrations of the C-O/C=0 bonds in the ester structure)
by the reaction between the COOH groups of NMDA molecule and the unre-
acted methylol groups on the Chi skeletal structure or the free OH group in the
MPEG structure.

The data obtained according to the FTIR spectra results show that the Chi-GA-
DAPC-MPEG-NMDA product were successfully synthesized as expected.

Nuclear Magnetic Resonance (‘H-NMR and 3C-NMR)

As a result of the structural characterization of Chi, Chi-GA-DAPC-MPEG and
Chi-GA-DAPC-MPEG-NMDA polymers with ‘H-NMR and *CNMR spectros-
copy of selected polymer Chi-GA-DAPC-MPEG-NMDA by performing the
reactions with MPEG and NMDA, it was seen that the reactions took place
as expected (Figure 2). Accordingly, the intense observance of the peaks of
protons belonging to the (-O-CH,-CH,) groups around 3.5 ppm in the Chi-
GA-DAPC-M-PEG graph showed that PEGylation reactions took place suc-
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cessfully. However, in these spectra, it was observed that the peaks of protons
belonging to the groups around 3.2 ppm and 1.9 ppm (NH-CH_-CH_-NH-,CH_ -
CH,-CH,-N-CH,-CH,-CH,) originating from DAPC compounds disappeared in
the Chi-GA-DAPC-MPEG-NMDA graphs and/or interfered with other peaks,
and a reaction took place between the unreacted methylol groups of Chi skel-
etal structure and NMDA.

A1 A4

o
A2
2l |

: , | N
‘ L —, -

Figure 2. A1) Chi; A2) Chi-GA-DAPC-MPEG, A3) 1H-NMR Spectrum of Chi-GA-DAPC-MPEG-
NMDA polymers, A4) *C-NMR Spectrum of Chi-GA-DAPC-MPEG-NMDA polymer, Chi-GA-
DAPC-MPEG-NMDA polymer, *CNMR (125 MHz, Acetic acid-d,; 5 =19.99) [ppm]: 5 = 22.03;
55.62; 55.66; 59.79; 69.47; 69.95; 74.65; 76.24; 97.47; 110.53.

The results were found to be consistent with the results of FT-IR analysis.
Thermal analysis

The data obtained from the TGA curves of Chi-GA-DAPC-MPEG and Chi-GA-
DAPC-MPEG-NMDA polymers obtained by this study are given in Table 3.
First, the TGA curves of Chi-GA-DAPC-MPEG polymer and the weight losses
and final degradation temperatures obtained from these curves are given. In
the range of approximately 115 to 208°C, corresponding to the initial degrada-
tion stage, a significant weight loss of 10% was observed for Chi-GA-DAPC-
MPEG-NMDA and Chi-GA-DAPC-MPEG, respectively. The middle stage took
place in the temperature range of approximately 328-415°C with a weight loss
of approximately 60-80% depending on the modified polymer structures and
the main weight losses were observed at this stage. The final oxidative degra-
dation was completed at approximately 589-760°C due to modified products
structures.
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Table 3. The weight losses (%) and the final degradation temperatures obtained from
TGA data curves of Chi-GA-DAPC-MPEG, Chi-GA-DAPC-MPEG-NMDA polymers

Temperature (°C)
Weight Loss* (%) Chi-GA-DAPC-MPEG Chi-GA-DAPC-MPEG-NMDA
5 113 86
10 208 115
20 248 267
50 313 338
100 589 760

*Values calculated from TGA curves

As shown in Table 4, the thermal oxidative degradation properties of Chi-
GA-DAPC-MPEG-NMDA exhibit the same behavior. The decomposition of
the polymer in air occurs in 4 stages, at temperature ranges very close to each
other. Table 3 shows the degradation stages, temperature ranges, correspond-
ing maximum weight loss % amounts and final degradation temperatures of
polymer. The polymer showed a weight loss of approximately 5-15% in the ini-
tial degradation interval due to the removal of the trapped water in their mol-
ecules. Subsequently, until the end of stage 2, the rate of degradation is very
slow, and no significant weight loss is observed up to 200-270°C and main-
tains values of 10-15%. Stage 3 is the fastest step in degradation and a weight
loss ranging from 47-65% is achieved in this region. Subsequently, the rate
slows down in the final degradation zone and the degradation ends at 650°C
for the last two products and at 760°C, which is the higher temperature for the
other product, with the formation of CO, CO,, and similar gases. As a result, it
is clearly seen that the attachment of NMDA ligand to chitosan-based modified
products does not adversely affect its thermal oxidative resistance?3.
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Table 4. Degradation stages of Chi-GA-DAPC-MPEG-NMDA

Polymer Chi-GA-DAPC-MPEG-NMDA
Degradation stage Temperature range (°C) Weight loss* (%)
1 25-120 10
2 120-270 15
3 270-300 47
4 300-760 100
Final degradation temperature (°C) 760

* Values calculated from TGA curves

Preparation of nanoparticles and results of characterization

The particle size and size distribution PDI of the nanoparticles were deter-
mined using the photon correlation spectroscopy method. Nanoparticle for-
mulations are ideally selected based on their particle size, size distribution,
and zeta potential. Of the ideally selected nanoparticle formulations, the small-
est ones were determined as those with a particle distribution of 0.5 and below,
and those with a zeta potential of +30mV and above. Table 5 shows the particle
size, PDI, and zeta potential results of the formulations determined as ideal.
As aresult of these evaluations, it is aimed to obtain nanoparticle formulations
that cross the blood brain barrier (BBB) without being attached to the reticu-
loendothelial system, show homogeneous distribution, can be loaded with all
siRNA and have no toxic effects42°,

Table 5. Particle size, PDI, zeta potential results of blank, and siRNA loaded formulations

Formulation Code Pa::'i:;lz gi;e PDI + SD Ze(t;\F”)oleggal
Chi-GA-DAPC 165.5 + 2.6 0.343 + 0.036 38.8+1.4
Chi-GA-DAPC-MPEG 131.8+9.0 0.311 £0.010 29.8+1.0
Chi-GA-DAPC-MPEG-NMDA 146.8 + 1.1 0.236 + 0.011 45301
Chi-GA-DAPC-MPEG-NMDA-siRNA 99.0 + 5.1 0.319 + 0.004 14.9:3.0

The PDI value of null and siRNA-loaded nanoparticle formulations was found
to be substantially less than o.5.
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The surface composition of nanoparticles is essential for identifying cell en-
try mechanisms. It is explained that a highly positive surface charge shows a
different bio-dispersion than a slightly negative nanoparticle surface charge.
Small particle size and positive surface charge are physicochemical properties
that aid cellular uptake by facilitating interactions with the negatively charged
cellular membrane®”28.

For nasal to brain drug administration, the size of the ideally sized nanoparti-
cles should be smaller than 200 nm. The particle size of the prepared delivery
systems plays an important role in the formulation development and charac-
terization phase as it affects activities such as drug release, biodistribution, cell
uptake, etc. Accordingly, Mantimadugu et al. prepared polymeric nanoparti-
cles with a particle size of 200 nm (139.52 + 5.35 nm) and provided direct
passage to the brain by transcellular transport along olfactory axons=J.

Several studies have shown a clear inverse correlation between nanoparticle
size and BBB penetration3®3:, Most of the studies in animal models of stroke
and Parkinson’s so far have used nanoparticles with sizes between 50 nm and
100 nm. Godinho et al. revealed that the low size (a hydrodynamic diameter
between 100 nm and 350 nm) and positive surface charge of B-Cyclodextrin
siRNA nano transporter formulations make them ideal for targeting to the
brain32,

The fact that the PDI value was less than 0.5 showed that the particle size dis-
tribution of the prepared formulations was homogeneous®. Van Woensel et al.
prepared siRNA-loaded chitosan nanoparticles for the treatment of glioblas-
toma. Particle sizes, particle distribution, and zeta potential were found to be
141 + 5 nm, 0.3, and + 32mV, respectively. As a result of the study, it has been
shown that chitosan nanoparticle formulations administered intranasal route
carry siRNA to the central nervous system in a short timess.

Furthermore, the positive zeta potential can improve the stability of nanoparti-
cles intended to be used for siRNA administration. Nanoparticles with medium
(up to 15 mV) or high positive zeta potential (above 15 mV) can cross the BBB
and have been found to be effective as drug-delivery systems to the brain. For
example, Jalluli et al. identified cationic nanoparticles prepared with malto-
dextrin, which has a high positive zeta potential, as effective in brain transport.
In addition, high negative/positive (15 to 30 mV) values of the zeta potential
prevent coalescence between particles, stabilizing nanoparticle dispersion due
to electrostatic repulsions®. When the studies were evaluated, the particle size,
particle distribution, and zeta potential of our chitosan nanoparticle formula-
tions were suitable for intranasal application.
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Lyophilization studies

Freeze drying is a good technique to improve the long-term stability of colloi-
dal nanoparticles. The poor stability of nanoparticles in an aqueous medium is
a major obstacle to their clinical use353°. The use of trehalose, mannitol or sorb-
itol as a cryoprotectant is an effective way to maintain the physical properties
of nanoparticles during freeze-drying?”%. Among these cryoprotectants, one
of the most preferred is trehalose3-4'. The non-toxicity of trehalose increases
its preferability+2. Almalik et al. prepared chitosan nanoparticles by ionic gela-
tion method. They investigated the stability of these systems in terms of parti-
cle size using six different cryoprotectant species (sucrose, glucose, trehalose,
mannitol, polyethylene glycol-2000, and polyethylene glycol-10.000) at con-
centrations of 5%, 10%, 20%, and 50%. They found that the cryoprotectants
of sucrose and trehalose had the highest protective effect in chitosan nano-
particles®. As a result of all the optimization studies, the lyophilization of na-
noparticle formulations has been successful (Table 6). When the formulations
were evaluated, the ideal cryoprotectant ratio was found to be 20%. However,
lyophilized formulations were deposited in stability cabinets for 12 months to
evaluate their stability.

Table 6. Particle size, polydispersity index and zeta potential values obtained as a result of
redispersing formulations containing 20% D-(+)-trehalose

Tin_w Particle Size PDI + SD Zeta Potential
(min) (nm) = 8D (mV) +£SD
Chi-GA-DAPC-MPEG-NMDA
0 188195 0.290 £ 0.010 439:07
5 2031+7.7 0.329 = 0.066 55.3+0.4
15 208.1 0.0 0.338 £ 0.027 53.2+15
30 2226 +11.4 0.268 + 0.044 525+1.2
60 2075+ 0.0 0.275 £ 0.027 49102
120 229944 0.216 £ 0.182 51.0£0.1
180 201.0+ 101 0.247 + 0.002 53.8+24
240 2005=+2.7 0.283 £ 0.033 52.5+0.9
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Moisture determination of Chi-GA-DAPC-MPEG-NMDA formulation was
performed. Determination of moisture content in lyophilized formulations is
essential for predicting the quality and stability of freeze-dried products+. In
the determination of moisture amount of lyophilised Chi-GA-DAPC-MPEG-
NMDA, moisture (%) was determined as 0.558%. For this reason, they found
that the lyophilization technique used was a suitable and sufficient method to
obtain dry powder.

Stability studies

When the twelve-month stability study was evaluated, it was observed that
there were no major changes in particle size, polydispersity index and zeta
potential of Chi-GA-DAPC-MPEG-NMDA formulation. For this reason, it is
predicted that the prepared chitosan nanoparticles can be stored in a lyophi-
lized manner. The improved stability provided by the removal of water is used
extensively by the pharmaceutical industry*. Ustiindag Okur et al. prepared
nebivolol-loaded solid lipid nanoparticles and modified the nanoparticles with
chitosan and PEG. They lyophilized the prepared nanoparticle dispersions by
adding 11% trehalose. Then, they examined the effects of lyophilization on par-
ticle size, PDI, and zeta potential and determined the amount of moisture in
nanoparticles after lyophilization. Particle size growth was seen in unmodified
nanoparticles, but not specifically in chitosan and PEG-modified nanoparti-
cles*.

Table 7. Evaluation of the 12-month stability study of formulations in terms of particle size,
polydispersity index and zeta potential

Chi-GA-DAPC -MPEG-NMDA-4°C Chi-GA-DAPC -MPEG-NMDA-25°C Chi-GA-DAPC -MPEG-NMDA-40°C

) A Zeta N Zeta I Zeta
Time | Particle Size Particle Size Particle Size PDI+SD | Potential

PDI+SD | Potential PDI+SD | Potential
(month) | (nm)SD () S (nm) £ SD (i) 5D (nm) £ SD )

0.322+0054| 49514 |2438+17.1(0.322+0054| 49514 | 243.8+17.1{0322£0.054| 49514

0 | 2438+17.

3 | 2476452 |0333+0.005| 48.0+36 | 241.9+02 |0.266+0.035| 45.0+26 | 243.1+1.6 |0.393+0.001 | 45.4+33

6 | 2392:51 |0291£0013| 409+07 | 2203+1.6 |0.3820.140| 433+1.3 | 196.6+7.6 | 0.347+0.042| 346+1.0

9 | 241411

w©w

0333+0024| 450:06 | 252.2+4.4 |0.344+0087| 44826 | 259579 |03030.022| 41.8+24

12| 2138489 (02870024 4363+1.1 | 263.3+3.1 |0.309+0.035|45.35+1.8| 270.8+7.9 [0.324+0.016| 45.3+1.0
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The evolution of size during storage is ascribed to multiple factors, such as
particle aggregation that promotes effective rearrangement, the interaction of
free polymer chains with the particle network leading to the reorganization of
intermolecular entanglements, syneresis, and swelling induced by TPP, which
causes water influx via osmosis. The identical condition has been noted in the
developed formulations. Consequently, as the nanoparticles underwent reor-
ganization over time, the particle size initially diminished and subsequently
rose, exhibiting no substantial variation, as illustrated in Table 7.

Agarose gel electrophoresis studies

The polymer:siRNA ratio was determined by calculating milligrams of polymer
and gene per microliter. The results of agarose gel electrophoresis are shown in
Figure 3. As a result of the study, it was found that the polymer: siRNA reten-
tion ratio was 5:1 for for Chi-GA-DAPC-MPEG-NMDA. In this study, the desire
is that the siRNA does not emit any radiation during imaging. In this way, it is
proven that siRNA is retained by the prepared formulations. The results of the
study are consistent with the literature.

1 2 3 4 5 6 7

siRNA Chi-GA-DAPC-MPEG-NMDA

0.1pg | 3:1 5:1 7:1 10:1 12:1 | 20:1

Figure 3. Gel electrophoresis images of nanoparticle formulations derived from
Chi-GA-DAPC-MPEG-NMDA

Serum stability results of siRNA-loaded nanoparticles

Nanoparticles interact with various biological environments, including pro-
teins and ions, affecting their physicochemical properties. These interactions
can significantly alter colloidal stability and physicochemical properties. How-
ever, these interactions can sometimes be overlooked, making it crucial to
understand their impact on drug transport, as they can significantly alter the
physicochemical properties, colloidal stability, and nanoparticle-cell interac-
tions#. The study examined the stability of nanoparticles in serum, predicting
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they might enter the bloodstream through intranasal administration. Table 8
shows the changes in particle size, PDI value, and zeta potential, and siRNA
integrity was examined over time by using polyacrylamide gel electrophoresis.

Table 8. Particle size, size distribution and zeta potential values of nanoparticles in the
presence of 5% FBS

Chi-GA-DAPC -MPEG-NMDA
Time (h) Particle Size (nm) = SD PDI = SD Zeta Potential (mv) = SD
0 2353+ 84 0.349 + 0.049 53.6+2.9
0.5 586.8 + 36.4 0.812 +0.032 12.8+ 0.1
2 733.7 2201 0.695 = 0.180 103+0.2
4 770.2 £53.0 0.275 + 0.054 9.85+0.4
24 7855+ 11.8 0.263 + 0.028 10.3+0.2

The size, PDI value and zeta potential of the Chi-GA-DAPC -MPEG-NMDA na-
noparticle were found to be 235.3 + 8.4 nm, 0.349 + 0.049, and 53.6 £ 2.9 mV,
respectively. As the process progressed, the zeta potential of the nanoparticles
decreased due to the presence of proteins in the environment, while its size
increased. After a while, when the zeta potential was fixed, the nanoparticle re-
generated and remained at a constant particle size as specified in the stability
study. As a result of this study, it was observed that the particle size and poly-
dispersity indices of the formulations increased as they approached 24 hours.

Figure 4 shows examples of polyacrylamide gels. Polyacrylamide gel electro-
phoresis studies were also conducted in polyacrylamide gel, as it is a more sen-
sitive system to small particles of siRNA.
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siRNA siRNA Chi-GA-DAPC-MPEG-NMDA-siRNA

C Oh 05h 2h 4h 24h Oh 05h 2h 4h 24h

C: Control

Figure 4. Electrophoretic action of SiRNA loaded with ionic interaction to Chi-GA-DAPC-
MPEG-NMDA in 5% FBS in polyacrylamide gel

Malcolm et al.’s study found an increase in particle size and polydispersity in-
dex of nanoparticle-siRNA complexes in serum and nanoparticle-siRNA ag-
gregation. The study found similar results in environments with 0.5% and 1%
FBS. The zeta potential of the nanoparticles also changed, but it was not of high
value that affected stability+®. However, in the medium containing 5% FBS, the
nanoparticles showed relatively different properties due to increased protein
concentration. The study found that formulations with larger particle sizes and
polydispersity indices increased over 24 hours. Polyacrylamide gel electropho-
resis studies showed that all formulations maintained siRNA integrity for 24
hours. Katas et al. developed chitosan nanoparticle formulations with smaller
sizes to eliminate siRNA properties, which are rapidly metabolized and taken
into cells. These formulations were completely broken down after 72 hours of
application in serum?. In our studies with Chi-GA-DAPC-MPEG-NMDA na-
noparticle formulation, we found that siRNA integrity was maintained for 24
hours.

As a result, nanoparticle formulations prepared from modified chitosan poly-
mers were successfully developed in this study, in which nanoparticle systems
containing siRNA were prepared and evaluated. As a result of the characteriza-
tion studies, it has been determined that the ideal formulations obtained can
be used in the treatment of HD intranasal route and as gene therapy due to its
gene silencing effect. It has been determined that the obtained formulations
have the desired particle size, zeta potential and particle size distribution and
maintain their stability for a long time. The formulation showed a high rate of
siRNA loading capacity. At the same time, it maintained siRNA integrity for 24
hours. The developed formulation is promising in the treatment of HD.
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