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ARTICLE INFO ABSTRACT

Keywords: The highly complex pathophysiology of Alzheimer’s disease (AD) and the low bioavailability of the currently
Alzheimer’s disease used drugs make it necessary to offer versatile treatment options. In this study, polyvinyl alcohol (PVA)/poly-
Rivamg‘f“ine vinylpyrrolidone (PVP) nanofibers (NFs) were loaded with rivastigmine (RIV), memantine (MM), and Gingko
Een;;n;?:ba biloba (GB) extract, and their anti-Alzheimer’s effects were investigated in vitro by cell culture and in vivo by
Surllﬁin ual administration animal experiments. The characterization studies, including FTIR, XRD, and DSC analysis, showed that the fibers
8
exhibited a good compatibility. The rapid disintegration (in 5.2 s) and complete dissolution (in 120 s) of RIV/
MM/GB-loaded NF indicated their suitability for sublingual application. Cell viability analysis revealed that
RIV/MM/GB-loaded NFs can be considered as safe and promising candidates. RIV/MM/GB-loaded NFs
tremendously improved the learning and memory impairment seen in the AD model created by the injection of
intracerebroventricular-streptozotocin into rats. Moreover, RIV/MM/GB-loaded NF stimulated stem cells to
improve neuronal differentiation properties and significantly decreased the level of f-amyloid, tau, APP, TNF-q,
AChE, and GSK-3p in the brain. The histopathological and immunostaining assays demonstrated that RIV/MM/
GB-loaded NF reduced p-amyloid formation and tau hyperphosphorylation in the hippocampus and cerebral
cortex. Thus, a novel and promising treatment strategy could be developed that has several advantages, such as
ease of sublingual administration, reduced frequency of administration associated with lower drug amounts, and
finally reduced toxicity and cost.

1. Introduction intracellular neurofibrillary tangles and extracellular senile plaque for-
mation leading to progressive behavioural, emotional, and cognitive

Alzheimer’s disease (AD) is an extremely complex disease that begins disorders [1]. According to the current data, 60% of 50 million dementia
with amyloid-f accumulation and neuronal loss, resulting in neuro- patients are AD, and this number is estimated to increase 4 times by
biochemical changes in the hippocampus and cerebral cortex, such as 2050 [2]. In terms of its economic-financial burden, the current cost of
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the disease is about 1 trillion US dollars per year, and it is estimated to
double by 2030 [3]. The increasing prevalence of AD brings with it a
decrease in the well-being of the patient and society [4].

FDA-approved N-Methyl-d-aspartate receptor (NMDAR) antagonist
(memantine) and acetylcholinesterase (AChE) inhibitors (rivastigmine,
donepezil, galantamine) are currently used in symptomatic therapy [5].
Rivastigmine (RIV) is an acetylcholinesterase and butyrylcholinesterase
inhibitor, which is thought to facilitate slowing down the cleavage of
acetylcholine secreted by functionally intact cholinergic neurons.
Memantine (MM) is a voltage-dependent, moderate affinity, and
non-competitive NMDAR antagonist. MM prevents the effects of path-
ologically elevated glutamate levels that may lead to neuronal
dysfunction [6]. Current treatments for AD do not show sufficient
effectiveness in the progressive course of the disease. Therefore, studies
focusing on the potential therapeutic efficacy of many herbs and their
major compounds on AD are meticulously followed. Many plants such as
Ginkgo biloba (GB), Curcuma longa, and Salvia officinalis are widely uti-
lized by animal studies and AD patients [7]. Standardized GB extract is
prescribed due to mechanisms of GB action including powerful antiox-
idant effects and potential inhibition of p-amyloid aggregation [8]. GB
also increases blood flow and oxygen use in the brain. GB, which im-
proves brain function and strengthens memory, slows down the pro-
gression of AD in the early stages [9]. It also inhibits the age-related
decline of muscarinic acetylcholine receptors and alpha-2 adrenoceptors
with improved acetylcholine uptake in the hippocampus [10].

The treatment of AD should be able to offer many solutions at the same
time [11]. The literature has offered that the success rate of treatments
with single agents is lower than that of treatments with combinations of
agents in the AD treatment [12-15]. In the advanced stages of AD, patient
compliance is low due to difficulty swallowing and forgetting to take the
drugs [16]. Patient compliance with the therapeutic regimen affects the
effectiveness of the treatment [17]. Therefore, decreasing the frequency
of dosage is crucial for patient compliance, especially in AD. There is a
disadvantage of the currently used treatments in that the pharmaceutical
dosage forms of these drugs are suitable for oral use, hence, the
bioavailability of the drug exposed to the first-pass effect decreases in the
body [18]. According to the studies, it offers a potential approach to drugs
to be developed for the treatment of neurological diseases due to the
advantages of the sublingual application [19]. The sublingual regions are
highly vascularized, and the drugs are fastly absorbed through the sub-
lingual blood vessels. Therefore, drugs administered by the sublingual
route do not undergo hepatic first-pass metabolism and their bioavail-
ability increases. This route of administration may be preferred for drugs
that degrade in the gastrointestinal tract and/or undergo high hepatic
clearance and/or for patients that have dysphagia [20]. Among potential
drug delivery systems, nanofibers (NFs) have many features such as me-
chanical strength, extensive surface area, flexibility, porous structure,
and low-cost [21]. Furthermore, although suitably delivering many drugs
at the same time is usually a challenging topic, this problem can be
eliminated with NFs [22].

We designed a novel sublingual drug delivery system that can offer a
versatile solution for AD treatment with some advantages such as easy to
take, less frequency of dosage (three drugs at once), a lower amount of
drug, and hence, lower toxicity and lower cost. Anti-Alzheimer’s activity
of RIV/MM/GB-loaded NFs was evaluated by in vitro and in vivo studies.
In addition, its neuroprotective effect was evaluated by behavioural tests
in an animal model of AD.

2. Experimental
2.1. Chemicals

RIV (Mw ~ 250.337 g/mol), MM (Mw ~ 179.3 g/mol), PVA (Mw ~
89,000-98,000 g/mol), (PVP, Mw ~ 40,000 g/mol), and all solvents

were taken from Sigma Aldrich. All purchased materials are best suited
for analytical assays due to their being high-purity reagents.
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2.2. Preparation of Ginkgo biloba plant extracts

Ginkgo biloba leaves were collected from Istanbul Province and
extracted with 3 mL of concentrated hydrochloric acid and 5 mL of
water for 2.5 h. The Soxhlet extraction was performed in a Soxhlet
apparatus at 60 °C for 6 h. Shaker extraction was performed at 200 rpm
at 25 °C. The resulting liquid extract was then filtered through Whatman
filter paper. Extraction was performed with the same solid-to-solvent
ratio of 5 g of ground leaf sample and 50 mL of EtOH (99.7%, v/v)
(see Figure S2) [23].

2.3. Preparation, optimization, and characterization of solutions

PVP and PVA were each dissolved at 15% w/v in deionized water.
PVA/PVP was mixed in ratios 8:2, 5:5, and 2:8 (v/v) by continuous
magnetic stirring, respectively. The fibers produced from the solution
formed at the determined ratios of polymers were examined by SEM.
MM (12.6 mg/mL), RIV (0.63 mg/mL), and GB (12.6 mg/mL) were
loaded in the 8:2 ratio PVA/PVP polymer blend that has a beadless and
homogeneous fiber appearance compared to the other two ratios. The
concentrations of drugs for solutions were determined according to the
dosage of drugs that will be given to rats (RIV- 1 mg/kg [24]; MM- 20
mg/kg [25]; and GB-20 mg/kg [26]).

The physical parameters of polymer solutions were measured using a
force tensiometer (Kruss K9, Hamburg, Germany), viscometer (DV-E,
Brookfield AMETEK, USA), density bottle (10 mL pycnometer bottle,
Boru Cam Inc., Turkey), and conductivity probe (Cond 3110 SET 1,
WTW, Germany). All measurements were carried out at room temper-
ature and constant humidity.

2.4. Manufacturing of electrospun fiber

Electro-spinning used in fiber production has many parameters that
affect fiber morphology. These parameters are polymer/solvent ratio,
flow rate, spinneret-collector distance, needle diameter, and applied
voltage [27]. The high-voltage power supplier (0-30 kV) was attached to
the syringe. The spinneret-collector distance was 15 cm and its flow rate
was kept between 0.1 and 0.5 mL/h. The metallic needle (21 G) was used.
The PVA/PVP polymer blends at three different ratios were used to pro-
duce the fiber with the best morphology. According to SEM images, the
polymer blend used for the production of fibers with the desired
morphology was selected and the drugs were added to this polymer blend.

2.5. Scanning electron microscope (SEM)

The diameters and morphological analyzes of the fibers were char-
acterized by SEM (EVO LS 10, ZEISS SEM instrument). The fiber samples
which were analyzed using SEM were coated with gold using a sputter
coater (SC 7620 model, Quorum Technologies, ABD) for 60 s, and
observed by SEM with an accelerating voltage of 5 kV. The average fiber
diameter was measured using Image J software from randomly selected
SEM images.

2.6. Fourier transform infrared spectroscopy (FTIR)

The chemical structures of all the compounds used in the production
of fibers and the interactions between these compounds were examined
by FTIR (Jasco FTIR 4700 spectrometer). The wavelength value of the
FTIR device ranges between 400 and 4000 cm ! [28].

2.7. Differential scanning calorimeter (DSC)

The thermal property of the fibers was analyzed by DSC (Perki-
nElmer Jade DSC) and Pyris software (PerkinElmer Inc., Mass., USA)
under a dynamic argon atmosphere (20 mL min~!) at a temperature
range of 0-350 °C at a heating rate of 10 °C min~..
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2.8. X-ray powder diffraction (XRD)

XRD spectra of the crystalline phases of the powders and composite
nanofiber were recorded by a D/Max-BR diffractometer (RigaKu, Tokyo,
Japan) using Cu Ka radiation. Analysis was performed at 40 mV and 30
mA over the 20 range of 0-80° at a rate of 2° min~'. The software
program of the XRD device was used for obtaining the results.

2.9. Mechanical properties of the fibers

Before the tensile test, the thickness of the fibers was measured using
a digital micrometer (Mitutoyo MTI Corp., USA). The tensile strength of
the fibers was measured and evaluated using a tensile test machine
(Shimadzu, EZ-LX, China) at ambient conditions. The obtained data
were analyzed using Bluehill 2 software (Elancourt, France). Six fiber
samples (1 x 5 cm) were tested for each sample set. Both ends of each
specimen were clamped horizontally between the upper and lower
handles with a distance between grips of 1 cm. A tensile test was per-

formed under conditions of a test speed of 5 mm min~'.

2.10. Drug encapsulation efficiency

Encapsulation efficiency is a parameter that gives the percentage of
drugs successfully loaded into NFs. In this study, RIV/MM/GB-loaded
NFs were first weighed at 5 mg, and then, it was completely dissolved
in 10 mL of deionized water in a volumetric flask. The flask was gently
mixed overnight to completely dissolve RIV, MM, and GB from the fibers
into the solvent. 1 mL of solution was taken and then RIV, MM, and GB
were detected by a UV-visible spectrophotometer at 271, 274, and 247
nm, respectively. All measurements were repeated in a triplicate [29].
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2.13. In vitro drug release kinetic test

Five different mathematical models benefited to analyze and inter-
pret drug release kinetics from nanofibers. The drug release kinetics
were investigated with Korsmeyer-Peppas (2), zero-order (3), first-order
(4), Higuchi (5), and Hixson-Crowell models (6). N is the marker of the
drug release mechanism as a diffusion exponent. The fractional amount
of drug release at time t was represented by Q. K, Ko, Kj, Ky, and Ky,
which are kinetic constants, belong to Korsmeyer-Peppas, zero order,
first order, Higuchi, and Hixson-Crowell models, respectively.

Q=K' @)
Q = Kt 3)
In(1-Q) = —K;jt (€)]
Q=K' (5)
Q' = Kyt (6)

2.14. Cell viability assay (WST)

For the cell culture studies, NFs were prepared in uniform circular
shapes of 6.0 & 0.5 mm in diameter by punching out a piece of NF sheet.
Each piece was placed into the well of a 48-well culture plate and
cultured with a 500 pL medium. Human foreskin fibroblasts (P3; 10,000
cells/cm?) were seeded on NFs and cultured for 48 h in a humidified CO4
incubator at 37 °C. After 48 h, the medium was replaced with DMEM
(Gibco, Thermo, Paisley, UK) with 10% WST-1 (Roche). Fibroblasts
were incubated for an additional 1 h. Cell viability was measured at 450
nm in a spectrophotometer (Molecular Devices). The results were

Encapsulation efficiency : mass of actual drug loaded in nanofibers | mass of used in nanofiber fabrication x 100% (@D)]

2.11. Disintegration and wetting test

A circular section of 3 cm diameter was cut off from the fibers and
placed into 15 mL of simulated saliva. The preparation of simulated
saliva has been clearly described in our previous study [30]. The
disintegration and wetting of the fibers were recorded using a video
camera (Canon Sx70 HS, Tokyo, Japan) at 50 frames/sec.

2.12. Dissolution test

The dissolution test was done to investigate the release kinetics of
RIV/MM/GB-loaded NFs. Thus, RIV, MM, and GB were prepared in 5
different concentrations (2, 4, 6, 8, and 10 pg/mL for RIV and GB; 2.8,
5.6, 8.4, 11.2, 14 mg/mL for MM) to construct linear calibration curves
for each. 15 mL of simulated saliva at 37 °C was mixed in a 7 cm
diameter Petri dish at 150 rpm on a multi-point stirrer. After these
procedures for simulating sublingual administration, NFs loaded with
RIV/MM/GB were cut into 5 mg each as a circle and dropped into the
simulated saliva [31]. 1 mL of the supernatant was removed at
pre-determined time points (2.5, 5, 7.5, 10, 15, 30, 45, 60, 90, and 120 s)
and replaced with 1 mL of pre-warmed simulated saliva (prepared as
described in the previous section) to maintain a constant volume. RIV,
MM, and GB dissolution profiles were examined by UV spectroscopy at
271 [32], 274 [33], and 247 [34] nm, respectively. Experiments were
carried out in triplicate.

compared with the number of cells cultured without NF in the medium
(control). Cytotoxicity was expressed as a percentage of cell viability
compared to the control [35].

2.15. Cell culture and differentiation

The effect of the RIV/MM/GB release was evaluated concerning
cytotoxicity on fibroblast cells and the stem cell plasticity on human
dental pulp stem cells (DP-SCs) in vitro. Stem cells used in this study were
previously isolated and characterized [36]. DP-SCs were cultured in
DMEM  supplemented with 10% FBS (Gibco) and 1%
penicillin-streptomycin (Gibco) at 37 °C in a humidified atmosphere
containing 5% COa. After cells reached 70-80% confluency, cells were
detached by 0.25% trypsin-EDTA  (Gibco), washed with
phosphate-buffered saline (PBS; Gibco), and re-plated at the ratio of 1:4
for subculture. The culture medium was refreshed once every 2-3 days.

For neurogenic differentiation, cells at passage 3 were cultivated
until 70-80% confluency. The culture medium was replaced with a
differentiation medium, which consists of DMEM supplemented with
0.5 mM isobutylmethylxanthine (IBMX, Sigma-Aldrich, St.Louis, MO),
10 ng/mL brain-derived neurotrophic factor (BDNF), epidermal growth
factor (EGF, Biological Industries, Kibbutz Beit Haemek, Israel), basic
Fibroblast growth factor (bFGF, Sigma—Aldrich), neural stem cell pro-
liferation supplements (Stem Cell Technologies Inc., Vancouver, British
Columbia, Canada), and 1% penicillin-streptomycin. Then, cells were
cultured for 7 days in a differentiation medium refreshing every 2-3
days with the defined differentiation medium.
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2.16. Gene expression analysis

The alteration in the gene expression profile of some neuronal dif-
ferentiation markers in DP-SCs was evaluated after the cell differentia-
tion [37]. The results were compared to the gene expression of cell
culture in the culture medium without NFs (control). Total RNA was
extracted by Aurum Total RNA Mini Kit (Bio-Rad, Hercules, CA) ac-
cording to the protocol supplied by the manufacturer. The RNA con-
centration (A260) and quality (A260/A280 ratio) were determined
using a PicoDrop spectrophotometer (Picodrop Limited, Hinxton, UK).
The total RNA was used to synthesize the cDNA by iScript cDNA Syn-
thesis Kit (Biorad) according to the protocol supplied by the manufac-
turer. The gene expression level of BDNF, glial fibrillary acidic protein
(GFAP), Tubb3, Nestin, neuronal differentiation 1 (NeuroD1), and
neurogenin 2 (Neurog2) were evaluated by using iTaq Universal SYBR
Green Supermix (Biorad). Using the LightCycler 480-1I system (Roche),
the PCR amplification followed a two-step cycling program: 30-sec
pre-denaturation at 95 °C, 45 cycles at 95 °C for 15 s, and 60 °C for
60 s. Cp values were determined by LightCycler 480 Software (release
1.5), and a melt curve analysis was conducted to evaluate the specificity
of the reaction. ActB gene amplification was used as a housekeeping
gene in the calculations. The sequence of the primers was given in
Table 1.

2.17. Animals

Forty-eight male/female Wistar albino rats (250-350 g) were ob-
tained from Marmara University The Experimental Animal Imple-
mentation and Research Center (DEHAMER). Rats were kept in cages
with suitable conditions (controlled temperature (22 + 2 °C), humidity
(40-60%), and light (12 h/12 h light/dark regime)) throughout the
experiment. The animals were kept in each of the polyacrylic cages for
no more than 4 animals and animals were provided with unlimited ac-
cess to feed and water. The study was approved by the Local Institutional
Animal Ethical Committee of Marmara University (with code 79.2019.
mar). The Ethics Committee Guidelines were followed while working
with the animals.

2.17.1. Intracerebroventricular administration of streptozotocin

Ketamine (100 mg/kg) and xylazine (10 mg/kg) were used for anes-
thetization. After the animals were fixed to the stereotaxis device, the
bregma point was determined in the skull that was opened. By adopting
the bregma reference point, the injection site was determined as ante-
roposterior, —0.8 mm from the bregma; lateral, +1.5 mm from the
sagittal suture; and ventral, —3.1 mm from the skull. STZ (3 mg/kg; 5 pl/
each site) was injected bilateral icv into the holes opened from the
determined points. While the animals in the treatment and model groups
received STZ, animals in the sham group received the same volume of
saline (0.9%, 5 pl at each site) instead of STZ. For wound care, the incision

Table 1
Primer list of neuronal markers for gene expression analysis.

Gene Name Forward Sequence (5-3") Reverse Sequence (5'-3")

Brain derived gagctgagegtgtgtgacag gcaaaaagagaattggctggeg
neurotrophic factor
(BDNF)

Glial fibrillary acidic tectcaggggagatgatggt ttetcgatgtagetggeaaag
protein (GFAP)

Tubulin, beta 3 catggacagtgtccgetcag caggcagtcgcagttttcac
(TUBB3)

Nestin ctctgacctgtcagaagaat gacgctgacacttacagaat

Neuronal gttatgagactatcactgctcaggace  agaagttgcecattgatgetgage
differentiation 1
(NeuroD1)

Neurogenin 2 atccgagcagcactaacacg gctgaggeacagttagagee
(Neurog2)

Actin, beta (Actb) tggcaccacaccttctacaatgagce gcacagcttctecttaatgtcacge
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site was cleaned daily with the help of an antiseptic. Post-operative care of
the animals was done meticulously to avoid any contamination due to
head surgery. Two animals were placed in each cage and feed and water
were left in the cage to allow them to heal for 3 days.

2.17.2. Experimental design of animal study

Icv injection of STZ is widely preferred in preclinical studies in terms
of reflecting AD holistically, from cognitive deficit to neurochemical
changes in the brain. As is well-known, the icv administration of STZ
triggers amyloid deposition by disrupting the balances in the insulin
signaling pathway and energy metabolism [38-40]. The second issue is
that in drug research for AD, it is necessary to continue working for an
appropriate period to determine the drug effects of the treatment period
and to conduct behavioural tests. The last days of the study period were
determined as behavioural tests [41,42].

In this study, the neurotherapeutic effect of RIV/MM/GB-loaded NF
in the AD model has been investigated. Waiting for 3 days after the
operation, it was ensured that the anxiety caused by the surgery was
eliminated in animals and the animals were purified from the effects of
the operation [43]. The animals were divided randomly into 4 groups
with 12 in each group as follows.

e Sham group: Sham-operated rats that were exposed to surgery and
saline (0.9%) were injected bilaterally (5 pl/site). They received pure
PVA/PVP NF therapy sublingually for 21 days.

e AD group: Icv-STZ-induced rats that were exposed to STZ (3 mg/kg)

injected via icv. They received pure PVA/PVP NF therapy sub-

lingually for 21 days.

RIV/MM/GB-loaded NF group: RIV/MM/GB-loaded NF (RIV- 1 mg/

kg; MM- 20 mg/kg; and GB-20 mg/kg) treatment rats that received

RIV/MM/GB-loaded NF via sublingually for 21 days after icv-STZ

injection.

RIV/MM/GB powder group: RIV/MM/GB powder (RIV- 1 mg/kg;

MM- 20 mg/kg; and GB-20 mg/kg) treatment rats that received raw

RIV, MM, and GB drugs via oral route for 21 days after icv-STZ

injection.

Behaviour studies started on the 11th day and the tests were carried
out in the morning hours. On the day the behavioural tests were
completed, the rats were sacrificed by cardiac puncture. The brain was
quickly removed and then placed in a cool saline bath. The brains were
divided in two from the middle. The left hemisphere was used for his-
topathological analysis (kept in 4% paraformaldehyde) and the hippo-
campus of the other half was stored at —80 °C for molecular
examination. Tissues belonging to each group (n = 12) were studied
with samples in the following distribution according to the analysis: (1)
6 for biochemical analysis, (2) 3 for histopathological analysis, and (3) 3
for immunohistochemical analysis.

2.18. Biochemical analysis

After removing the rat brain, hippocampus tissue was rapidly
removed and excised. Tissues were homogenized in cold PBS solution by
a homogenizer (IKA brand Ultra-Turrax T25, USA) to obtain a 10% (w/
v) homogenate solution. After centrifuging the homogenate samples at
3000 g for 10 min, the supernatant was carefully separated and
biochemical analysis was performed immediately. Following the prep-
aration of tissue samples, amyloid-f, APP, tau, GSK-3f, AChE activity,
TNF-a, and BDNF levels were determined using a commercial ELISA kit
according to the procedure with the manufacturer’s instructions.

2.19. Histological analysis
Brain tissues collected from different groups were fixed with 10%

formalin for 24 h and decalcification was achieved. Serial dilute ethanol
was used to dehydrate. After cleaning with toluene, the samples were
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embedded in paraffin in a hot air oven. Paraffin blocks were cut with a
thickness of 5 pm and taken on a glass slide. After staining with hema-
toxylin and eosin (H&E) dye, the sections of the brain regions were
visualized with the help of a light microscope (LEICA DM 1000). The
severity of the damaged neurons in the cerebral cortex (CA2) and hip-
pocampus regions was scored semiquantitatively using a graded scale
(0-3: score 0 = no damage, score 1 = mild damage, score 2 = moderate
damage, and score 3 = severe damage). Degeneration of neurons was
assessed as intensely stained nuclei, cytoplasmic vacuolation, swelling
or shrinkage of the cell, and increase in perineuronal space. The average
of the damage scores was calculated for each group and statistical
analysis was performed.

20
a Mean=345.0
Std.Dev=77.5
15+ N=100

10
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0
200 250 300 350 400 450 500 550
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2.20. Immunohistochemistry

For Amyloid-f and tau protein immunohistochemistry in brain tis-
sues, samples of brain regions were taken on a positively charged slide
in the form of sections with a thickness of four microns. Preparations
were made for the dyeing process as previously described. Sections
were incubated with primary antibodies ((anti-p-amyloid (ABCAM,
ab10148) and anti-Tau (ABCAM, ab131354)) or PBS (negative control)
at 4 °C overnight. Following this procedure, they were incubated with a
biotinylated secondary antibody and incubated with HRP-conjugated
streptavidin (ABCAM, ab236466) for 15 min. They were counter-
stained with hematoxylin and the analysis and scoring of antibody

Mean=117.0
Std.Dev=36.0

a{ b

Frequency (%)

200

30
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Fiber diameter (nm)

30:
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N=100
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Fig. 1. Effects of PVA and PVP blend ratio on fiber morphology and diameter distribution graphs of pure PVA/PVP fiber at three different ratios: (a) 8:2, (b) 5:5, and

(c) 8:2 (v/v); and drugs-loaded PVA/PVP fiber (8:2, v/v) (d).
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expressions were performed with the aid of light microscopy.

2.21. Statistical analysis

All the results were analyzed using GraphPad Prism 8.0 statistical
program. Data were expressed as mean + SEM. Escape latency and path
length analysis of the MWM test were performed with a two-way anal-
ysis of variance (ANOVA) analysis followed by the Bonferroni post hoc
test. Other behavioural tests and biochemical analyzes were evaluated
with one-way ANOVA analysis followed by Tukey’s post hoc test. Data
were analyzed for statistical significance by one-way or (ANOVA) and
Tukey post hoc test. p < 0.05 was considered statistically significant.

3. Results
3.1. Optimization process and solution characterization

There are multiple production techniques in fiber production, but the
most common method for producing nanoscale fiber is ES. Various pa-
rameters such as polymer concentration, feed rate, tip-collector dis-
tance, and applied voltage affect the morphology of NFs produced by the
ES. In this study, PVA and PVP were dissolved in water and PVA/PVP
mixture was prepared in three different ratios of 8:2, 5:5, and 2:8,
respectively, and fibers were produced in these ratios.

Electrospun fibers were produced at 25 kV. An electrically grounded
collector, which is a piece of aluminum foil, was placed at a vertical
distance of 15 cm. The syringe pump was fixed at 0.1 mL/h. The polymer
solution was thrown into the grounded collector and the fiber was
produced. SEM images were examined and the drugs were loaded in
PVA/PVP composite with the 8:2 ratio, which has the best morphology.
RIV (0.63 mg/mL), MM (12.6 mg/mL), and GB (12.6 mg/mL) were
mixed with the polymer solution.

The same electrospinning parameters used in pure PVA/PVP fibers
were also used in the production of drugs-loaded PVA/PVP fibers. Phys-
ical parameters for pure and drug-loaded fibers were examined. Density
and viscosity increased from 1.025 g/mL and 4179 mPas to 1.032 g/mL
and 4921 mPas, respectively; electrical conductivity and surface tension
decreased from 648 pS/cm and 155.42 mN/m to 326 uS/cm and 127 mN/
m, respectively with the adding of drugs (See Figure S3).

3.2. Morphological characterization of nanofibers

Fig. 1 shows the morphologies and diameters of pure and drug-
loaded fibers analyzed by SEM. The PVA (15%, w/v) and PVP (15%,
w/V) solutions were prepared at the rate of 2:8, 5:5, and 8:2 for pure
fiber production. To produce the beadless, smooth, and homogeneous
fiber surface, the flow rate was applied between 0.1 and 0.8 mL/h. The
working distance was chosen between 12 and 18 cm and the voltage was
applied between 18 and 30 kV. Pure fiber with desired properties was
produced under the following conditions: PVA/PVP (8:2) polymer
mixture, a flow rate of 0.1 mL/h, the applied electric current at 25 kV,
and a working distance of 15 cm. The PVA/PVP (5:5) polymer mixture
was produced at a flow rate of 0.4 mL/h, the applied voltage at 26 kV,
and a working distance of 15 cm. The PVA/PVP (2:8) polymer mixture
was produced at a flow rate of 0.3 mL/h, the applied voltage at 19 kV,
and a working distance of 15 cm. The SEM images of the produced fibers
were examined and the polymer solution with a PVA/PVP ratio of 8:2
was chosen as the optimized ratio due to its beadless, smooth, and ho-
mogeneous fiber surface, and MM, RIV, and GB were added to the PVA/
PVP polymer solution at this ratio. The proportion of polymer solutions
that the PVA/PVP fiber diameters 345.0 4+ 77.5 nm, 117.0 & 36.0 nm,
and 228.8 + 38.0 nm are 2:8, 5:5, and 8:2 respectively. The diameter of
the loaded PVA/PVP (8:2) fiber is 896.1 + 216.3 nm. It is seen that the
diameter of the drug-loaded fibers increased in the SEM results. Beads in
the fiber decreased when the PVA ratio increased.
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3.3. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of pure MM, RIV, GB, PVA, PVP, pure PVA/PVP NF,
and RIV/MM/GB-loaded NF were demonstrated in Supporting Infor-
mation, Figure S4. The peaks at 3501.60 em™!, 2732.64 em™!, and
1720.19 cm™! are absorption peaks of RIV [44]. These peaks are
H-bonded O-H, C-H, and C=O stretching vibrations, respectively. For
RIV, the characteristic absorption peak is the C-N stretching of the
amine group at 1278.57 cm ™!, C-H stretching bands between 2975.62
and 2836.77 cm ! are characteristic absorption peaks of the MM [45].
The FTIR spectrum of GB shows the presence of O-H stretching at 3440
ecm ™! and G-H stretching vibration at 2920 cm™!. The carboxyl G=0,
aromatic C=C, and C-O stretching peaks of GB were detected at 1740
cm_l, 1620 cm_l, and 1390 cm_l, respectively [46]. The peaks for the
H- bonded —OH stretching at 3272.07 cm ™}, ~CHj stretching at 2908.97
em™!, C=0 stretching at 1711.09 cm ™}, and C-O stretching bands at
1023.53 cm ™ belong to PVA [47]. The H-bonded O-H stretching at
3440.46 cm’l, —CHj3 stretching at 2941.28 cm’l, C=0 stretching at
1649.32 cm™?, and C-O stretching bands at 1016.30 cm ™" are assigned
to PVP [48]. RIV/MM/GB-loaded NF was analyzed in FTIR spectros-
copy. A strong absorption peak at 1650.77 cm ™! and a large peak at
3311.18 cm ™! were detected due to the carbonyl groups on PVP and the
stretching of hydroxyl groups on PVA. The stretching vibrations of
carbonyl of the ketone group at 1731.76 cm™* and the C-H stretching
band at 2915.84 cm™! in the spectrum of RIV/MM/GB-loaded NF were
associated with the structure of MM. The absorption peak of RIV
belonging to the C-N stretching of the amine group was seen at 1288.22
cm ™! in RIV/MM/GB-loaded NF. It has been observed that drugs have
been successfully loaded in PVA/PVP composite fiber.

3.4. Investigation of the thermal behaviour

DSC was analyzed range from 0 to 350 °C and the results were given
in Supporting Information, Fig. S5. Glass transition temperature (Tg)
and melting temperature (Tm) of pure and RIV/MM/GB-loaded PVP/
PVA NF samples were analyzed. While Tg of PVP in the DSC curve of
PVA/PVP NF is at 61.65 °C, the DSC curve for RIV/MM/GB-loaded NF
displayed an endothermic transition at 66.74 °C was attributed to Tg of
PVP [49]. The small endothermic peak in the drugs-loaded fibers posi-
tioned at about 204.76 °C was attributed to the Tm of PVA. The
sharpness belonging to the Tm peak of PVA lessened due to the addition
of drugs that have an amorphous structure and this peak shifted from
227.60 °C to 204.76 °C with the addition of drugs in polymer composite.

Ginkgo biloba showed four endothermal peaks due to the mixture of
compounds [50]. Memantine exhibited Tm at 341 °C. Rivastigmine
showed a sharp endothermic peak at 126 °C. Nevertheless, the reason
why Tm and Tg values of drugs were not seen in the DSC curve of
drug-loaded fibers is that drugs can be loaded homogeneously and
successfully into the fibers [51]. Additionally, it was observed that the
temperature difference between the transition from the glassy structure
to the amorphous structure decreased after the drugs are added to the
polymer composite. The reason for this difference can be a chemical
interaction between drugs and the delivery system. Consequently,
drug-loaded NFs are safe for application to the human body in the
treatment of AD because the fibers are not melting at the human body
temperature.

3.5. X-ray powder diffraction (XRD)

X-ray diffraction scans were used to analyze the structural and
crystal forms of pure PVA, PVP, GB, MM, RIV, pure PVA/PVP NF, and
RIV/MM/GB-loaded NF. The major peaks of MM, RIV, and GB were
observed due to their crystal structure at 20 = 17.36°, 18.74°, and
13.12°, respectively (Fig. S6 a-c) [52-54]. PVP is an amorphous polymer
and possessed high Tg due to the existence of the rigid pyrrolidone
group. Diffraction peaks belonging to PVP were detected at 19.98°
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(Fig. S6d) [55]. In Fig. S6e, it has been observed at 20 = 20.78° and
37.82° in the XRD pattern of pure PVA [56]. XRD patterns of pure PVA
and PVP were also seen in pure PVA/PVP composite fiber at 20 = 19.98°,
20.78°, and 37.82° (Fig. S6f). According to XRD results, the specific
peaks belonging to PVA and PVP polymers were detected in pure and
drug-loaded fibers samples (Fig. S6f). Compared to pure fiber, the peaks
at 20 = 17.36°, 18.76°, and 21.88° were observed in
RIV/MM/GB-loaded PVA/PVP NF due to the drugs and it proves that
drugs have been successfully loaded in NFs (Fig. S6g).

3.6. Tensile properties of nanofibers

The profile of tensile strength and strain at break of pure PVA/PVP
and drugs-loaded NF were given in Supporting Information, Fig. S7. The
tensile strength of pure fiber was 0.6386 MPa. The tensile strength of the
drug-loaded fibers increased to 0.6935 MPa. The strain at the break of
pure fibers was 32.23% and the strain at the break of drugs-loaded fiber
was 57.12%. The drugs-loaded NFs were found more flexible than pure
PVA/PVP NFs. According to these results, loading the drugs in NFs
increased their mechanical strength and flexibility (Fig. S7c).

3.7. Disintegration and wetting test

RIV/MM/GB-loaded NFs were cut off circularly and then fibers were
put in the middle of artificial saliva for wetting and disintegration tests.
Fibers with hydrophilic properties got wet in 0.4 s and it was completely
disintegrated in 5.2 s (Fig. 2).

3.8. In vitro dissolution test

An in vitro dissolution test was performed to examine the release
kinetics of drugs in pharmaceutical formulations with rapid-release
properties. The ability of RIV/MM/GB-loaded NF, which was designed
for the sublingual application, to be dissolved in artificial saliva for 120 s
was examined. According to Fig. 3, the dissolution rates of RIV, MM, and
GB in the supernatant taken from the Petri dish in 60 s were 72.66,
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76.84, and 50%, respectively. Drugs loaded into the fibers were
observed to dissolve completely in 120 s.

3.9. In vitro release kinetic test

Table 2 displays the regression coefficients (R%) and kinetic con-
stants. Details of the kinetic model of RIV, MM, and GB release from
fibers in phosphate buffer saline (pH 7.4) at 37 °C under dynamic con-
ditions were shown in Fig. 4. Release kinetic models were preferred as
Korsmeyer-Peppas, zero-order, first-order, Higuchi, and Hixon-Crowell.
In the Korsmeyer-Peppas model, the n value represents the mechanism
of drug release from the drug delivery system. This value is calculated
according to the Korsmeyer formula and it determines the appropriate
mechanism in drug release or evaluates the drug release resulting from
drug delivery conforming to Fick’s law or Fickian transport. It is also
used to describe independent processes in drug delivery. The value of n,
which better fits the release profile of drugs in a delivery system, de-
termines the type of behaviour observed: Fickian models (case I) and
non-Fickian models (case II, anomalous cases, and super case II).

In the Fickian model (case I), at n = 0.45, drug release is dominated
by diffusion. Its kinetic is characterized by diffusivity. When n = 0.89,
the model is non-Fickian (Case II), and the drug release rate corresponds
to zero-order release kinetics. When 0.45 < n < 0.89, the model is non-
Fickian or anomalous transport. The Super Case II model is character-
ized when n > 0.89.

3.10. Cell viability assay

In the cytotoxicity study using human fibroblast cells (P3), cell
viability was measured with WST-1. It was calculated that drugs-loaded
and pure NFs did not have any toxic effects on cells compared to control
group cells, which were cultured in the medium without NFs. When the
viability effects on cells were compared, there was no significant dif-
ference between the control and RIV/MM/GB-loaded NF groups
(Fig. 5a). It was observed that the pure NF group promotes cell prolif-
eration in comparison to RIV/MM/GB-loaded NF group (p < 0.001).

Fig. 2. Disintegration behaviour of RIV/MM/GB-loaded nanofibers at multiple time points during the disintegration test.



S. Veysanoglu et al.

Absorbance (a.u)

Journal of Drug Delivery Science and Technology 86 (2023) 104691

Memantine Rivastigmine tartrate
o a —l14mgml 8.4 mg/ml b — 45 pg/ml — 36 pg/ml
. 3
»5: — 112 mg/ml — 5.6 mg/ml »s\ — 27 pg/ml 18 pg/ml
% — 28 mg/ml % — 9pg/ml
2 049 Q2
: 2
5 5
w 7
2 02 21
< <
0.04 0
200 250 300 350 200 300 400 500
‘Wavelenght (nm) Wavelenght (nm)
Ginkgo biloba
0.0
=0,0021x - 0,0032
C —10pgm —6pgm  —2pgm oo | d Y R —oses |
- — 8 pg/ml —4 pg/ml ,;' -
= o -
< S -
E0.04 @ 0,02 -~
@ o -~
151 ] .-
= ] -
= 2 L
2 5 -
] 0,01 | -~
2 0.02 é ’ ot A
2
0 r r . . . .
iid 1 3 5 7 9 1 13 15
200 b 00 Concentration of Memantine (mg/ml)
‘Wavelenght (nm)
32 0,06
e y=0,0451x +0,8219 /% f ¥ =0,0043x +0,0086 I
2,7 4 R2=0,9677 i 0,05 R =0,9808 P
-~ 3
2,2 i g 004 e
-~ g P
" .
17 L S 003 20
L B o
- 2 o
1,2 : < 0,02 o
0,7 * - * . . 0,01
0 9 18 27 36 45 0 2 4 6 8 10
Concentration of Rivastigmine (pg/ml) Concentration of Ginkgo biloba (pg/ml)
10 =
S Te S0 | A
920 o
B T S 1=
g 0 & 80 - = T
G © o8 s
‘S 2 7
70 | bt
g z % r .
= 60 @ e N
) = g o .
“5‘ 50 = 40 o & Memantine
o 2 2] // pooee - Rivastigmine
& . )
5 ;
S 5 3 / Gingko Biloba
5 0 - T r r r .
20° 0 20 40 60 80 100 120

&

Time (seconds)

Fig. 3. In vitro dissolution profiles of nanofibers: Absorption spectra of different concentrations of memantine (a), rivastigmine tartrate (b), and Ginkgo biloba (c).
Calibration curve of memantine (d), rivastigmine tartrate (e), Ginkgo biloba (f). Encapsulation efficiency (g) and dissolution profile (h) of RIV/MM/GB-loaded NF. All
values were obtained using the average of three experiments with less than 5% error.

Table 2

Mathematical modeling of in vitro drug release kinetics for RIV/MM/GB-loaded NFs.

Korsmeyer-Peppas Zero Order First Order Higuchi Hixson-Crowell
Sample R? n R? Ko R? K; R? K R? Kpe
RIV 0,8978 0,8792 0,9084 0,7989 0,8821 —-0,0137 0,9831 9,5742 0,9212 0,0324
MM 0,8999 0,8769 0,9092 0,8009 0,8851 —-0,0137 0,9836 9,5967 0,9235 0,0325
GB 0,9356 0,8684 0,9309 0,6943 0,6628 —0,0117 0,8788 7,7720 0,7215 0,0280

3.11. Gene expression analysis

Exposure to RIV/MM/GB-loaded NFs produced a slight reduction in
the cell viability of DP-SCs, but not a major difference. As seen in Fig. 5b,

the control group DP-SCs did not differentiate into neuronal cells, while
the same was true for pure NFs. On the other hand, the viability of pure

NFs is higher compared to drug-loaded NFs. In addition, enhanced
BDNF, Nestin, GFAP, and NeuroD1 expression of drug-loaded NFs was
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Fig. 4. Mathematical models of release profiles of Rivastigmine, Memantine, and Gingko biloba from RIV/MM/GB-loaded NFs in PBS (pH: 7.4).

4.38,10.78, 4.38, and 3.18 fold, respectively, higher than for pure NFs. estimated to be 18.38 and 6.23-fold higher compared to the undiffer-

This differentiation occurred without the need for any chemical induc- entiated control cells, respectively (Fig. 5c).

tion. The chemical cocktail significantly enhanced the neuronal differ- The effect of chemical induction on the cells with pure NF in the dif-
entiation of DP-SCs. Pure NFs slightly improved the expression of ferentiation medium was significant concerning the expressions of Neu-
neuronal markers, but the Nestin and NeuroD1 expressions were roD1 and neural progenitor cell marker, Nestin. The expression of Nestin
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Fig. 5. (a) WST-1 assay of cell cytotoxicity. Gene expression levels (nRNA levels) of neuronal cell markers in DP-SCs compared with p-actin expression of undif-
ferentiated control cells. While the level of brain-derived neurotrophic factor (BDNF), glial fibrillary acidic protein (GFAP), TUBB3, Nestin, neuronal differentiation 1
(NeuroD1), and neurogenin 2 (Neurog2) were analyzed after 7 days of culture in the culture medium (b), these values were evaluated in the neurogenic differ-
entiation medium (c) at the same time. Significance differences were found at *p < 0.05, **p < 0.01 and ***p < 0.001.

and NeuroD1 in these cells was estimated 3.5 and 1.6-fold higher
compared to the differentiated control cells, respectively. The expressions
of BDNF and Nestin genes were calculated to be 23.59 and 84.45-fold
higher with drugs-loaded NFs compared to the undifferentiated control
cells and 5.32 and 15.89-fold higher compared to the differentiated
control cells, respectively. The effect of drugs-loaded NFs was limited on
the expressions of Neurog2 and GFAP and they showed 2.33 and 2.29-fold
higher expression compared to the differentiated control cells.

3.12. Neurobehavioural observations

3.12.1. Locomotor activities

OFT was used for examining locomotion and exploratory behaviors
of rats (Fig. 6). There were no significant differences between groups in
latency to enter the center and time spent in the center zone(Fig. 6a-b).
Moreover, no differences in the number of square crosses were seen
between the groups (Fig. 6¢) It was also recorded the number of
groomings and feedings and found no significant differences between
the groups (Fig. 6d—e). These data proved that the applied surgical
procedure did not harm the motor functions of animals.

3.12.2. Short-term memory

In the acquisition phase, there was a significant (p < 0.01) difference
in the exploration time between the sham group animals’ familiar object
and the new object, whereas in the other groups there was no such
difference (Fig. 6f). The discrimination index analysis displayed that

10

when compared to sham rats, AD rats were incapable of significantly (p
< 0.001) differentiating between the familiar and novel object. In
contrarily, treatment of these AD rats with RIV/MM/GB-loaded NF
showed that they were capable of distinguishing between familiar and
novel objects (p < 0.01) when compared to the AD rats (Fig. 6g). In
addition, the RIV/MM/GB powder group also showed a significant (p <
0.05) rise compared to the AD group in the discrimination index. On the
other hand, the preferential index analysis exhibited that AD rats were
unable to significantly (p < 0.001) recognize the novel object when
compared to the sham rats. Whereas, treatment of RIV/MM/GB-loaded
NF showed that they were able to recognize the novel object when
compared to the AD rats (p < 0.01) (Fig. 6h).

3.12.3. Passive avoidance

Mean initial latencies in the acquisition trial were not significantly
different between all groups. The following day, the mean retention
latency in the AD group was significantly (p < 0.01) decreased
compared to the sham group (Fig. 6i). The decrease in retention latency
in AD rats was significantly (p < 0.05) attenuated by RIV/MM/GB-
loaded NF treatment, indicating improved memory retention. There
was no significant change in the retention latency of the RIV/MM/GB
powder group compared to the RIV/MM/GB loaded NF group.

3.12.4. Memory deficit and impairment of spatial learning ability
MWM was applied to assess working memory and spatial memory
retention in rats. For spatial memory, the time to reach the platform was
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considered. During 4 days of training in the MWM test, the escape la-
tency to reach the underwater platform gradually decreased in all
groups. Although there is no difference between the groups’ access to
the platform on the first day, there are various degrees of differences
between groups on the second day. Mean escape latency was signifi-
cantly (p < 0.05) longer in the AD group compared to the sham group,
indicating a decrease in learning performance due to STZ injection. In
addition, the access time of the RIV/MM/GB-loaded NF group to the
platform had been remarkably (p < 0.05) shortened compared to the AD
group. This decreased escape latency in the rats of the RIV/MM/GB-
loaded NF group continued to decrease gradually during whole experi-
mental days (Fig. 7a).

In the case of working memory, path length in all groups during the
trial test was evaluated. The mean pathlength was notably (p < 0.001)
prolonged in the AD group compared with the sham group, while the
length of the road by the RIV/MM/GB-loaded NF group in the water
tank decreased significantly on the 4th day (Fig. 7b). The data indicate
that the absence of changes in the swimming speed of the rats included
in the experiment during the entire test period. This proves that the
motor functions of all groups were similar (Fig. 7c). Probe testing was
performed with the platform removed on the last day of the MWM test.
The percentage of time spent in the target quadrant was decreased
significantly (p < 0.01) in the AD group compared with the sham group
(Fig. 7d). Treatment with RIV/MM/GB-loaded NFs reversed cognitive
deficits compared with the AD group. The RIV/MM/GB powder group
displayed minor changes in tracking compared to the RIV/MM/GB-
loaded NF group. On the other hand, rats in the treatment group spent
more time in the target quadrant (Fig. 7e), whereas rats in the AD group
were unable to recall the exact location of the platform, showing a mean
distribution curve in the four quadrants of the platform.

3.13. Biochemical analysis

To further investigate the neuroprotective effects of RIV/MM/GB-
loaded NF on STZ-induced rats, we determined the biochemical
changes in the hippocampus after the MWM task. As shown in Fig. 7f and
h, the levels of p-amyloid and Tau in AD rats were importantly increased
compared to the sham group (p < 0,01). Both these two biomarkers
levels belonging to RIV/MM/GB-loaded NF and RIV/MM/GB powder
groups showed a significant decrease (p < 0.01 and p < 0.05, respec-
tively) compared to the AD group. An important increase in APP level (p
< 0.001) was noticed in the AD group as compared to the sham group
(Fig. 7g). Treatment of RIV/MM/GB-affected NF reversed this increase
compared with the AD group. Administration of RIV/MM/GB-loaded NF
significantly inhibited the increase of GSK-3p in the brain of AD rats
(Fig. 71). The elevation of the AChE level in the AD group appears to be
reversed by RIV/MM/GB-loaded NF (Fig. 7j). An important increase in
the TNF-a level was noticed in the hippocampus of AD rats compared to
that in sham rats (Fig. 7k). However, drug-loaded NF treatment reversed
this increase in TNF-a levels. There was not any important difference
between all groups in the BDNF level (Fig. 71).

3.14. Histological analysis

When both the cerebral cortex and hippocampus were histologically
observed by H&E staining, sham rats demonstrated regular morphology
(Fig. 8). In the AD group, severe degeneration of neurons with pyknotic
nuclei, perineuronal and perivascular edema, and inflammatory cell
infiltration were observed in both the cerebellar cortex (Fig. 8B) and
hippocampus (Fig. 8F). There was a mild degeneration of neurons in
both treatment groups (Fig. 8C, D, and G, H) in comparison to the AD
group. It was found that RIV/MM/GB-loaded NF application showed
more neuronal regeneration than RIV/MM/GB powder in both regions.
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3.15. Immunohistochemistry analysis

B-amyloid plaque accumulation was detected in the hippocampus
and cortex, as indicated by the brown staining in the extracellular space
of the AD group (Fig. 9 B, F). There were more positively stained plaques
in the AD group compared with the sham group (p < 0.001) (Fig. 9A and
E), whereas, less in RIV/MM/GB powder (Fig. 9C, G) and RIV/MM/GB-
loaded NF groups (Fig. 9D and H) in comparison to the AD group.
Statically, f-amyloid immunostaining was detected less in RIV/MM/GB-
loaded NF group (p < 0.001) than RIV/MM/GB powder group (p < 0.01)
in both these two areas when compared to the AD group.

For tau immunohistochemistry, in the cortical and hippocampal
tissues, while tau phosphorylation was significantly increased in the AD
group (p < 0,001) (Fig. 10B and F) in comparison to the sham group
(Fig. 10A and E), there was less tau phosphorylation in RIV/MM/GB
powder (Fig. 10C and G) and RIV/MM/GB-loaded NF groups (Fig. 10D
and H). In the cortex, the anti-tau immuno-staining statically decreased
more in the RIV/MM/GB-loaded NF (p < 0.01) than in the RIV/MM/GB
powder group (p < 0.05) in comparison to the AD group. In the hip-
pocampus, the RIV/MM/GB-loaded NF group showed statically more
decreased immuno-staining (p < 0.001) than RIV/MM/GB powder
group (p < 0.01) in comparison to the AD group.

4. Discussion

In the present study, it was aimed that the neuroprotective potential
of RIV/MM/GB-loaded NF treatment was investigated in the icv-STZ-
induced rat model of AD. Based on our data, RIV/MM/GB-loaded NF
improved icv-STZ-induced cognition disorders in a pharmaceutical drug
form different from conventional drug forms by decreasing p-amyloid
accumulation and tau phosphorylation, increasing cholinergic trans-
mission, lowering GSK-3p, APP, and TNF-a levels in the hippocampus.
STZ injection at a sub-diabetogenic dose leads to a series of biochemical
changes in the brain structure, which ultimately leads to cognitive dis-
orders similar to sporadic Alzheimer’s pathology [57]. In this study, a
triple-drug combination-loaded NF treatment was produced for the
sublingual drug delivery route to increase the bioavailability for AD
patients and applied in the AD animal model for the first time. We chose
this method of administration to benefit from the advantage of the
sublingual application [20].

The FTIR spectra showed the basic characteristic peaks of RIV, MM,
and GB in RIV/MM/GB-loaded NF. This data suggests that there are
chemical interactions between PVA/PVP blend and drugs in NFs
[44-48]. The results obtained from the DSC showed that Tg and Tm
values changed after loading the drugs in the fibers due to the crystalline
nature of the drug. Moreover, the fiber diameter of drug-loaded fibers
with high Tg values was larger than that of pure fibers with low Tg
values. Diffraction patterns of pure RIV, MM, and GB showed sharp
crystalline peaks while these peaks were observed as slightly attenuated
in RIV/MM/GB-loaded NF [54-56,58]. The tensile test showed that
drug-loaded NFs have better mechanical strength and a more flexible
structure than pure NFs [59]. NFs were suitable for the sublingual
application although they had a strong structure. All characterization
tests indicated that RIV/MM/GB-loaded NF is suitable for in vivo ap-
plications. In sublingual administration, the pharmaceutical formulation
is expected to be immediately wet and disintegrate when placed under
the tongue and rapidly absorbed. The produced NFs showed dramati-
cally good wetting, disintegration, and dissolution properties. Drugs
with poor solubility rates have less absorption; hence, their bioavail-
ability decreases. GB’s dissolution rate was improved by loading GB into
fibers, and it was observed that the efficiency of treatment was increased
by loading drugs in fibers.

The evaluation of the cytotoxicity of pure and RIV/MM/GB-loaded
NFs showed that NFs did not own any cytotoxic effect, but the
viability of fibroblasts on pure NF increased in comparison to RIV/MM/
GB-loaded NF and control groups. On the other hand, DB-SCs showed
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Fig. 7. Spatial learning and memory in Morris water maze (MWM) (a-€). a) mean escape latency to reach the hidden platform b) path length, ¢) swimming speed, d)
time spent in target quadrant time, and e) the swimming path diagram. Effects of drug-loaded NF treatment on the levels of biochemical parameters (protein levels
measured by ELISA) in the hippocampus (f-1): f) Amyloid-f, g) APP, h) Tau, i) GSK-3, j) AChE, k) TNF-a and 1) BDNF. Differences in significance were found at *p <

0.05, **p < 0.01, and ***p < 0,001.
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Neuronal Damage

STZ
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Fig. 8. a) Photomicrographs of the cerebral cortex and hippocampus (CA2) regions of brain tissues in the different experimental groups of rats. A and E: Sham
groups, regular cerebral cortex and hippocampus, respectively; B and F: AD groups, degenerated neurons (arrow), pericellular/perivascular edema (*), and in-
flammatory cell infiltration (filled triangle); C and G: RIV/MM/GB powder group, mild perivascular edema (*) and inflammatory cell infiltration in the cerebral
cortex and hippocampus, respectively; D and H: Normal neurons and pyramidal cells (white arrow) in both brain regions. Neuronal damage scoring in b) hippo-
campal area c) cortical area of the animal groups. H&E staining, original magnifications: 100 pm.

resistance to the released level of RIV/MM/GB from NFs and surviving
cells could be observed after 7 days. The increasingly accumulated level
of drug in the limited volume of culture medium caused a slight loss of
cell viability but it was not significant. Further, such adverse effect was
not observed in vivo. Although the cell numbers were reduced in vitro,
the effect of pure and RIV/MM/GB-loaded NFs improved the neuronal
differentiation of DP-SCs and retained a notable potential for neuronal
differentiation [60]. The expression of BDNF significantly improved
after culture on RIV/MM/GB-loaded NFs and chemical induction further
increased its expression. The elevated level of neurotrophic factor,
BDNF, was illustrated to improve cognitive deficits in AD animal models
and patients [61]. The reduction in cognitive impairment can be
explained by an increase in intracellular BDNF. The enhancement of
neuronal and glial differentiation (TUBB3 and GFAP, respectively), as
well as the survival of existing cells in the culture, could be maintained
by the secretion of trophic factors, BDNF. The improving number of cells
might be explained by the supporting effect of BDNF during the culture
and the differentiation. Supporting the BDNF biosynthesis by
RIV/MM/GB-loaded NFs could lead to an increased level of BDNF,
which might interfere with the ongoing degeneration and prevent
cognitive decline [61]. Neuronal differentiation was also mediated by
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the Neurog2 expression, and the increased activity and expression of
Neurog2 could be related to the accumulation of p-amyloid precursor
protein [62]. Due to the effect of drugs-loaded NFs, the expression of
Neurog2, which is an Alzheimer’s f-amyloid responsive gene, improved
significantly. The expression of the pro-neuronal genes, NeuroD1, and
nestin, also supports cognitive restoration under the effect of
curcumin-encapsulated PLGA  nanoparticles [63].  Similarly,
RIV/MM/GB-loaded NF might improve the expression of cell prolifera-
tion (nestin) and neuronal differentiation (neuroD1) genes, leading to
the inhibition of the p-amyloid aggregation [64]. The stem cells on pure
NFs were differentiated, but with lower efficiency compared to
RIV/MM/GB-loaded NFs. The fibrous surface was not sufficient to
initiate total cell differentiation into neuronal cells, but it can provide a
loose cell attachment. These topographical surfaces which replicate the
natural structure of neuron cell niche to some degree through micro- or
nanoscale geometry might gain the functionality of the stem cells to
support the neurogenic differentiation [65].

The fact that the OFT results did not differ significantly between
groups in terms of locomotion ability is compatible with other studies
that prefer this model in the AD disease [66]. An enhancement in
discrimination and preferential indices in the NORT that was applied to
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Fig. 9. Anti-p-amyloid ((anti-p-amyloid (ABCAM, ab10148)) immunohistochemistry in the cerebral cortex and hippocampus (CA2) regions of experimental rat
groups (Scale bar: 100 pm, n = 3). a) The AD group showed severe amyloid plaques formation (arrows) in the cortex (B), and severe immunoreactivity (filled
triangles) in the neuronal body of the hippocampal area (F) when compared with the sham group (Fig. A and E, respectively). RIV/MM/GB-loaded NF and RIV/MM/
GB powder groups significantly attenuated this pathology (C, G, and D, H, respectively). —: Positive staining. p-amyloid semi-quantitative scoring in b) hippocampal
area, c) cortical area of the animal groups. Significance differences were found at **p < 0.01 and ***p < 0.001.

evaluate  short-term  memory  ability pointed out that
RIV/MM/GB-loaded NF treatment prevented icv-STZ-induced memory
impairments [66]. The PAT aims to measure a conditional stimulating of
learning ability to assess emotional memory (short-time memory) in
case of fear/anxiety [67]. In line with previous studies, according to the
step-through latency values, memory acquisition was damaged in ani-
mals receiving STZ. Animals treated with RIV/MM/GB-loaded NF
avoided crossing the dark area with a conditioned response 24 h after
the electric shock was subjected. Our findings confirmed that
icv-STZ-administered rats have a longer escape latency for four days
than other groups, indicating that STZ had a detrimental effect on
learning and memory. From the second day, the similarity between the
RIV/MM/GB-loaded NF and RIV/MM/GB powder groups of shortening
time to reach the hidden platform shows the favourable effects of our
treatments on cognitive functions. From another point of view, the
length of the path that the STZ-induced animals take in the pool for 4
days is quite long compared to other groups. In the probe test,
STZ-induced rats spent more time reaching the target quadrant, without
any difference in the swimming speed of all groups. Our findings suggest
that this deficiency in icv-STZ memory retrieval was reverted by
RIV/MM/GB-loaded NF. Furthermore, a decrease in the entrance of AD
animals to the former located platform site was observed, while the
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animals in the treatment and sham groups entered the target quadrant
more. Our results suggested that RIV/MM/GB-loaded NF could
ameliorate learning and spatial memory function.

B-amyloid accumulation, decrease in cholinergic transmission and
BDNF increase in GSK-3f, and an increase of inflammatory cytokines
such as TNF-a, which are in the pathogenesis of Alzheimer’s, are
determined as targets in the treatment strategy. RIV is known to regulate
cholinergic transmission by inhibiting cholinesterase enzyme and
reducing p-amyloid deposition. On the other hand, MM is a drug that
prevents p-amyloid accumulation and inhibits tau phosphorylation.
Besides, GB can reduce inflammatory cytokines such as TNF-a and
regulate GSK-f activation and p-amyloid deposition. Administration of
STZ by the icv leads to many biochemical changes in the brain that
mimic AD pathophysiology. Icv-STZ is accepted as an AD animal model
in the experimental studies due to its effects in the form of increasing
B-amyloid level, tau hyperphosphorylation, GSK-3p activity, APP level,
and decreasing BDNF in the brain. In our study, icv administration of
STZ showed a significant increase in p-amyloid, tau, AChE, GSK-3f, APP,
and TNF-a levels. However, RIV/MM/GB-loaded NF treatment was able
to convert these parameters to be close to the sham group. RIV/MM/GB-
loaded NF remarkably reduced the levels of p-amyloid, tau, APP, AChE,
and TNF-a when compared with the AD group. On the other hand,
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Fig. 10. Anti-tau (anti-tau; ABCAM, ab131354) immunohistochemistry in the cortex and hippocampus (CA2) regions of the experimental rat groups (Scale bar: 100
pm). a) The AD group showed severe immunoreactivity (arrows) in the neuronal body in the cortex and hippocampal region (B and F) when compared with the sham
group (A and E). It was observed that this immunoreactivity was dramatically reduced with the administration of RIV/MM/GB powder and drug-loaded NF (C, G, and
D, H, respectively). —: Positive staining. Anti-tau Semi-quantitative scoring in b) hippocampal area, c) cortical area of animal group. A significant difference was

observed at **p < 0.01 and ***p < 0.001.

significant cortical and hippocampal neuronal damage in the AD group
improved with RIV/MM/GB-loaded NFs. These all data suggest the
hopeful ameliorative potential of RIV/MM/GB-loaded NF in managing
AD through multiple targets.

5. Conclusion

RIV/MM/GB-loaded NF was successfully produced by ES and the
results of the evaluations showed that it is suitable for the sublingual
route according to the characterization, disintegration, and dissolution
tests. These fibers showed no toxic effects and stem cells exhibited
improved neuronal differentiation properties under the effect of RIV/
MM/GB-loaded NFs. DP-SCs on drug-loaded NF improved survival
rate after 7 days while demonstrating increased expression of neuronal
markers such as TUBB3, BDNF, and Nestin. The RIV/MM/GB-loaded NF
treatment also improved short-term memory impairment and improved
memory, learning ability, and spatial exploration ability better than
RIV/MM/GB powder according to behaviour tests in icv-STZ-induced
AD animal model. Consistent with these observations RIV/MM/GB-
loaded NF ameliorated AD pathologies by reducing p-amyloid deposi-
tion, tau phosphorylation, and cholinergic transmission in which alter-
ation of GSK-3p, APP, AChE, and TNF-a might be involved. It was
revealed that the increased degeneration of neurons in the cortex and
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hippocampus regions with icv-STZ induction was significantly reduced
with the RIV/MM/GB-loaded NF application because it reversed tissue
damages resulting from f-amyloid plaque accumulation and tau phos-
phorylation. Finally, our findings take a promising step in developing a
new therapeutic strategy with the advantages such as increased
bioavailability, decreased frequency of dosage and systemic side effects,
and increased patient compliance for the treatment of AD by targeting
multifunctional alterations.
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