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ARTICLE INFO ABSTRACT

Keywords: Nose-to-brain delivery (NTBD) offering potential benefits for treating Alzheimer’s disease. In
Biodistribution previous research, insulin dry powder (IDP) formulation for NTBD was developed, exhibiting
Dry powder favorable stability. This study aims to conduct in vitro and ex vivo assessment of release,
Histopathology

permeation, mucoadhesion and histopathology, as well as an in vivo biodistribution study to

;\I/Ililél;: dhesive produce IDP for NTBD and evaluate brain biodistribution. Spray-freeze-dried IDP formulations
Nose-to-brain with varying weight ratios of trehalose-to-inulin were produced and analyzed. The release study
Permeation was carried out in PBS with a pH of 5.8 stirred at 50 rpm and maintained at 37 °C + 0.5 °C. Goat
Release nasal mucosa was used for ex vivo permeation and mucoadhesion testing under similar conditions.

An ex vivo histopathological examination and an in vivo study using enzyme-linked immunosor-
bent assay, were also performed. The IDP dissolution study demonstrated complete release of all
IDPs within 120 min. The permeation study indicated that steady-state conditions were observed
between 30 and 240 min. The mucoadhesion study unveiled that IDP F5 exhibited the fastest
mucoadhesion time and the least force required within the fastest time of 43.60 + 2.57 s. The
histopathological study confirmed that none of the tested IDPs induced irritation in the nasal
mucosa. Furthermore, the biodistribution study demonstrated the absence of detectable insulin in
the plasma, while IDP F3 exhibited the highest deposited concentration of insulin within both the
olfactory bulb and the whole brain. The extensive evaluation of the IDP formulations through in
vitro, ex vivo, and in vivo studies implies their strength non-invasive NTBD. IDP F3, with a 1:1 wt
ratio of trehalose to inulin, exhibited favorable brain biodistribution outcomes and was recom-
mended for further investigation and development in the context of NTBD.

1. Introduction

Nose-to-brain delivery (NTBD) is a promising non-invasive approach for directly administering therapeutic agents to the brain
through the nasal cavity [1]. Olfactory neurons in this cavity serve not only for the sense of smell but also facilitate the rapid transport
of drugs across the cribriform plate, bypassing the blood-brain barrier (BBB) [2]. This unique advantage over systemic routes, such as
oral or injection [3], holds great potential for enhancing the efficacy of treatments for neurological disorders including Alzheimer’s
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disease (AD) [4].

With approximately 36 million individuals afflicted worldwide, AD represents a growing global health challenge. Specifically, 17
million of those individuals reside in Asia, while over 4 million elderly individuals in the United States currently affected by AD. This
number is projected to increase nearly fourfold by the year 2050 [5]. Even younger individuals are now being impacted by AD. Patients
with typical AD who are also younger frequently experience delayed diagnosis [6]. Currently, treating AD involves a comprehensive
symptom management strategy to preserve the quality of life, alleviate the impact of the condition, and reduce long-term clinical
decline. Effective extended pharmacotherapy of FDA-approved medications for Alzheimer’s disease typically starts with a single-agent
treatment involving a cholinesterase inhibitor (ChEI) donepezil, galantamine, and rivastigmine. Moreover, the treatment of AD
eventually progressed to a supplementary combination therapy involving both a ChEI and memantine [7].

Furthermore, based on recent research, AD can be addressed using insulin. This is due to the association of insulin with its role in
enhancing the expression and translocation of brain glucose transporter-4 (GLUT-4), which further contributes to glucose uptake by
brain cells [8,9]. In recent research, insulin has been reported to influence learning and memory functions [10]. The research in this
field has advanced clinical trials. Administering liquid insulin at a dosage of 20 IU through the intravenous route in AD patients yielded
improvements in cognition. Nonetheless, this administration led to a significant and substantial reduction in blood glucose levels [11].
Consequently, further studies on insulin use for AD patients have shifted focus to the intranasal route, utilizing nose-to-brain delivery
(NTBD). Administering 20 IU of liquid insulin via the intranasal route yielded favorable outcomes without inducing hypoglycemic side
effects [12,13]. All of the mentioned research used a product available on the market, which is diabetic-purpose insulin, insulin so-
lution which is used intranasally in AD patients [11-13]. Additionally, another study explored intranasal insulin formulation in the
form of a nanogel, which was tested using an animal model [14]. The use of the intranasal route and this delivery aim to enhance
insulin accumulation in the brain while minimizing the occurrence of hypoglycemic side effects.

The clinical testing research of insulin usage in AD patients used an insulin liquid product, yet this can disrupt insulin stability,
particularly during long-term storage. Currently, liquid insulin available on the market is stored under cold chain distribution con-
ditions. This condition requires costly and complex handling procedures [15]. Nevertheless, inadequate adherence to proper handling
or disruptions in the process can reduce insulin’s stability, potentially diminishing its efficacy [16]. Moreover, its physicochemical
stability is compromised in liquid formulations, resulting in a short shelf life of approximately one month after being opened [17].

In a previous study, insulin dry powder (IDP) for intranasal purpose has been studied, and the results demonstrated improved
physicochemical stability of insulin [18,19]. In this study, to ensure the safety and efficacy of IDP, further research on the IDP
encompassing in vitro, ex vivo, and in vivo studies has been conducted. IDPs were produced using the same method as the previous study
[18,19]. The obtained IDP was assessed in regard to its insulin content, particle size and shape. Furthermore, in vitro release and
mucoadhesion studies were conducted using goat nasal mucosa to provide important insights into the behavior and performance of the
IDP formulations. Ex vivo studies on permeation, mucoadhesion, and histopathology were subsequently performed to assess the
interaction of the produced IDPs with nasal tissues, providing a more realistic representation of the nasal environment. Moreover, an in
vivo biodistribution study was also carried out to investigate the transport and delivery of insulin to the olfactory region and brain after
intranasal administration. The acquired data are crucial for understanding the distribution of insulin in the targeted area. Therefore,
this study aimed to produce IDP for NTBD and evaluate brain biodistribution.

2. Materials and methods
2.1. Materials

The five different IDP formulations were prepared from various materials. The active pharmaceutical ingredient (API), which is
insulin human acidic fibroblast (AF), were procured from Sigma Aldrich, St. Louis, MO, USA. The excipients, including trehalose and
HPMC E5, were sourced from Meihua Holding Group Co., Ltd. (Langfang, Hebei, China), while inulin and poloxamer 188, were
sourced from Beneo GmbH (Mannheim, Germany). Water for injection were procured from lkapharmindo Putramas, Jakarta,
Indonesia, was used for IDP characterization. Additionally, Whatman nylon membrane filters with a pore size of 0.2 pm from GE
Healthcare Life Sciences, Buckinghamshire, UK were employed for filtration purposes. To conduct the analytical procedures, Toluene,
KHPO4, NaOH, HCI (pro analysis), high-performance liquid chromatography (HPLC) grade acetonitrile and methanol, as well as

Table 1

Formulation of IDP.
Material Formula

F1 F2 F3 F4 F5

Human recombinant insulin (IU) 50 50 50 50 50
HPMC E5 (g) 0.01 0.01 0.01 0.01 0.01
Poloxamer 188 (g) 0.01 0.01 0.01 0.01 0.01
Trehalose (g) 1.44 1.15 0.86 0.58 0.29
Inulin (g) 0.29 0.58 0.86 1.15 1.44
HCL 0.1 N (mL) 0.5 0.5 0.5 0.5 0.5
NaOH 0.1 N (mL) 1 1 1 1 1
Aqua destilata (mL) 15 15 15 15 15
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spectroscopy grade trifluoroacetic acid, were procured from Merck, Darmstadt, Germany. For in vitro and ex vivo studies, goat nasal
mucosa samples were obtained from the regional animal slaughterhouse company, located in Pegirian, Surabaya. Neutral buffered
formalin was purchased from Sumber Ilmiah Persada, Surabaya, while hematoxylin-eosin (HE) and isopropyl alcohol were bought
from Leica Biosystem, Richmond, Virginia, United States. Wistar strain rats for the in vivo biodistribution study were sourced from UD
Mandiri, Surabaya. The human insulin ELISA kit was procured from Calbiotech, California. Protease inhibitor tablets were obtained
from Thermo Fisher Scientific, Illinois, and sodium thiopental was purchased from Bernofarm, Sidoarjo, Indonesia.

2.2. Methods

2.2.1. Preparation of insulin dry powder (IDP)

During IDP preparation through the spray-freeze drying (SFD) process, five variations of the IDP formula as listed in Table 1 were
used with different weight ratios of trehalose and inulin as stabilizers. The variations, IDP F1 to F5, were formulated with trehalose and
inulin at weight ratios of 5:1, 2:1, 1:1, 1:2, and 1:5, respectively. The excipients were weighed and dissolved in water, while insulin was
weighed and dissolved in HCl. The resulting solution was mixed and adjusted to a pH of 5.8 before being subjected to the SFD process
using liquid nitrogen. Subsequently, the frozen droplets were freeze-dried for approximately 50 h to obtain IDP [18].

2.2.2. Characterization of IDP

2.2.2.1. Particle size. Particle size distribution testing was carried out using an LS Particle Size Analyzer (Beckman Coulter, Wash-
ington D. C, USA) based on the principle of Laser Light Scattering. The powder sample was dispersed in toluene before testing to obtain
the particle size distribution profile and statistical arithmetic volume diameter data tabulation.

2.2.2.2. Particle shape and surface. The shape and surface of IDP particles were observed at 250 times magnification under a Scanning
Electron Microscope (SEM) (Ametek Edax, Berwyn, Pennsylvania, USA) after coating the sample with palladium-gold for 90 s using a
sputter coater.

2.2.2.3. Insulin content. The insulin level in the dry powder was analyzed using reversed-phase (RP) High-Performance Liquid
Chromatography (HPLC) with Capcell Pak C18 column. The mobile phase consisted of a mix of 0.1 % trifluoroacetic acid in water and
acetonitrile in a 70:30 ratio with a flow rate of 1.0 mL/min, and an injection volume of 20 pL. Furthermore, the process of detection
was conducted using a UV detector at a wavelength of 276 nm. The analysis method underwent validation and system suitability
testing, and the results met all requirements [18].

2.2.3. Invitro release study

A modified dissolution procedure was used to test the dissolution and release of insulin from the powder. Powder samples (0.26 mg
insulin equivalent) were placed in a dialysis bag and suspended at a specific height in a beaker containing 80 mL of PBS media at a pH
of 5.8, maintained at 37 °C £ 0.5 °C to simulate nasal fluids. The PBS medium was stirred using a magnetic stirrer at 50 rpm to ensure
sample homogeneity, following the recommendations of Surini et al. (2018) [20] and Trotta et al. (2018) [21]. Samples of 1 mL were
collected at 15, 30, 45, 60, 75, 90, 120, 180, and 240-min intervals. The insulin level in the sample was determined using HPLC as
described in the insulin content determination procedure. The insulin release studies were performed in triplicate, and mean values
were plotted against time.

Since the insulin release kinetics follow the first order, the percentage of the remaining amount of insulin on a logarithmic scale was
plotted against time. The dissolution rate constant could be obtained from the slope value. Other dissolution parameters, such as the
dissolution efficiency value and area under the curve (AUC), were also determined.

2.2.4. Ex vivo permeation study

The permeation study was conducted using nasal mucosa isolated from the nose of goats opened by a longitudinal incision to obtain
the septum. The nasal mucosa was carefully removed from the cartilage bone and immediately dipped into PBS media (pH 5.8), frozen
in liquid nitrogen, and stored at —20 °C until used. This was placed in the receptor compartment of the Franz diffusion cell, then
stabilized in PBS media (pH 5.8) in both the donor and receptor compartments. Subsequently, the receptor compartment was filled
with 70 mL of PBS media (pH 5.8) and maintained at 37 + 0.5 °C.

Ex vivo permeation study of insulin was conducted using the Franz diffusion cell. Approximately 0.5 g of the powder was dispersed
onto the nasal mucosa membrane of goats measuring 7.065 cm?, which was then placed between the donor and receptor compartments
with the mucosal side directly in contact with the receptor medium. The PBS media were stirred with a magnetic stirrer at 50 rpm to
ensure sample homogeneity. Samples of 1 mL from the receptor compartment were drawn at regular time intervals, filtered through a
0.45 pm membrane filter paper, and analyzed using the HPLC method as described in the insulin content determination procedure.
Sampling points were selected at 15, 30, 60, 90, 120, 180, 240, 300, and 360 min.

The cumulative amount of insulin permeated through the nasal mucosa was plotted against time, and the steady-state permeation
flux was determined from the slope values. The data were expressed as the mean values + SD in three replications of observations [22,
23].
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2.2.5. In vitro mucoadhesion study

To evaluate in vitro mucoadhesion strength and measure mucoadhesive ability, a modified balance instrument was employed. Goat
nasal mucosa tissue fixed in 10 % formalin buffer was used for this experiment by placing it onto the tissue holder (plate). The insulin
powder was compressed into the plate and then attached to the goat nasal mucosa surface for a sufficient contact time of 1 min.
Subsequently, the nasal mucosa tissue was placed on the mucoadhesive measuring instrument. The tensile strength test was initiated
with the smallest weight, and additional force was applied until the insulin plate began to detach from the goat nasal mucosa within the
shortest time possible. This procedure measured the bioadhesive strength in milligrams.

2.2.6. Ex vivo mucoadhesion study

The ex vivo mucoadhesion time test was conducted using goat nasal mucosa that had been fixed in 10 % neutral buffered formalin
and PBS with pH 5.8. The previously prepared mucosa was placed on a tissue holder disk, and IDP was compressed and attached to its
surface. The disk, attached to the mucosa and sample, was then placed in a beaker containing 150 mL of phosphate buffer (pH 5.8).
Stirring was maintained at a speed of 50 rpm, and the temperature was kept at 37 °C [24]. The adhesion of IDP was observed, and the
time required for the insulin powder compressed plate to detach from the goat nasal mucosa was quantitatively measured.

2.2.7. Ex vivo histopathology study

The IDP formulation irritation test with goat nasal mucosa was used to observe the impact of the sample on the morphology of the
mucosa [25,26]. The nasal mucosa was obtained in the same manner as in the permeation test and fixed in 10 % neutral buffered
formalin. Subsequently, it was sectioned with a microtome and stained with hematoxylin-eosin (HE). This test involved several groups:
Group 1 was given a PBS solution (negative control), while Group 2 received a 1 % isopropyl alcohol solution (positive control) in a
volume of 1 mL and was allowed to stand for 30 min. Nasal mucosa in groups 3-7 were administered with IDP formulation using the
same preparation method as the negative and positive controls, then the morphology was observed under an optical microscope [25].
After staining with HE, the epithelial lesion score was determined by following specific criteria, namely, a score of 0 for normal
epithelium, 1 for cilia loss, 2 for erosion occurring in the upper part of the epithelium while the lower part remained intact, and 3 for
complete erosion of the epithelium [27].

2.2.8. In vivo biodistribution study

The biodistribution study of IDP in rats was conducted following ethical guidelines approved by the Institutional Ethical Committee
of the University of Surabaya (Number 227/KE/X11/2021). Male Wistar rats weighing 180-200 g were used [14] while being housed
under controlled environmental conditions with a temperature of 22-24 °C and relative humidity of 50-60 %. During the acclima-
tization period, they had ad libitum access to water and food [28]. The test animals were divided into six treatment groups: group 1
given blank samples and groups 2-6 with intranasal IDP treatment groups administered with an insulin dose of 1 IU/kg body weight.
The blank samples, which consisted of PBS pH 5.8, were observed as the normal control for each intranasal administration time point.
Sampling was performed at five points, namely 0, 15, 60, 90, and 120 min. Each time point consisted of three rats (n = 3), leading to a
total of 90 rats across all treatment groups and time points.

The rats were anesthetized with intraperitoneal (i.p) injection of Thiopental Na (50 mg/kg) and positioned in a supine position.
Supplementary doses of Thiopental Na (12.5 mg/kg) were administered hourly to sustain anesthesia. The rats were handled using the
left hand, and a specific amount of IDP (1 IU/kg body weight) and negative control was administered intranasally through an
insufflator [23].

At each sampling time point, blood samples of 0.2 mL was drawn from the right jugular vein. Subsequently, the rats were
decapitated swiftly, and the whole brain was extracted, followed by rinsing with PBS (pH 7.4). After eliminating excess moisture, the
brain samples were divided into two parts: the olfactory bulb and the remaining fragments, while their weights were recorded. The
brain samples were homogenized in a solution of four times the initial volume of PBS (pH 7.4) containing 0.001 % methylcellulose and
2 mM PCMB, an insulin degradation enzyme inhibitor, using a glass tissue homogenizer. Both blood and brain samples underwent
centrifugation at 4 °C and 5400xg for 15 min. Afterward, plasma and supernatant samples were collected for homogenization in order
to determine the concentration of deposited insulin in the tissue or plasma. This determination was conducted utilizing an enzyme-
linked immunosorbent assay (ELISA) with a kit specifically designed for human insulin. The absorbance was measured at 450 nm
with a FLUOstar omega ELISA microplate reader (BMG LABTECH, Offenburg, Germany). The obtained absorbance values were
interpolated against the standard curve equation to calculate the deposited insulin concentration [28].

3. Result and discussion

IDP for NTBD has emerged as a promising approach for treating neurodegenerative diseases such as AD. In this study, IDP was
characterized in terms of particle size, shape, surface, and insulin content, while its in vitro release and ex vivo permeation properties
were evaluated. Additionally, mucoadhesion and histopathology studies were conducted to investigate all possible irritation or
damage to the nasal mucosa caused by IDP. The results provided important insights into the physicochemical and biopharmaceutical
properties of IDP and its potential as a nasal drug delivery system for brain-specific targeting.

3.1. Characteristics of IDP

The aim of characterizing IDP was to ensure its compliance with NTBD powder criteria. The criteria include fine powder with
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spherical particle shapes and diameters ranging from 15 to 25 pm. The assessment process covered physical appearance, particle size,
particle shape and surface characteristics, and insulin content.

3.1.1. Physical appearance

The IDPs generated from various formulations exhibited the physical appearance characteristics of a fine white powder and were
odorless. These characteristics were consistent with those found in the previous study that used the same method and process variables.
The characteristics were acquired from the applied SFD method, which involved atomization through a nozzle in the initial stage [18].
The atomization process included the creation of contact between droplets and liquid nitrogen, yielding frozen droplets similar to
snow. Subsequently, freeze-drying was performed to produce the fine white powder. All materials used in the formulation were
odorless, leading to an odorless powder. This aligned with previous investigations employing the SFD method to produce micropar-
ticles or dry powder [18,29].

3.1.2. Particle size

The data obtained from the observation of particle size distribution in surface volume diameter (dvs) were presented in the form of
a histogram. Fig. 1 shows the particle size distribution of IDP formulations F1 (A), F2 (B), F3 (C), F4 (D), and F5 (E), each with varying
weight ratios of trehalose to inulin: 5:1, 2:1, 1:1, 1:2, and 1:5, respectively. Fig. 1 and Table 2 show that IDP F4 exhibited the smallest
mean particle size with a dvs of 18.53 pm, while F2 had the largest mean particle size with a dvs of 23.60 pm. The statistically sig-
nificant difference in mean particle size between IDP F2 and F4 (p < 0.05) is attributed to variations in the b/b ratio of the excipients
within the IDP formulations. Specifically, F2 contains trehalose with a weight ratio of 2:1 to inulin, while F4 features a reversed weight
ratio of 1:2. These findings are in line with earlier investigations involving chitosan-based insulin microparticles designed for oral
delivery. Consistently, the study found that using the highest amount of chitosan resulted in the largest dvs [30]. The significant
differences in the dvs parameter might be related to different moisture contents in the dry powder. A higher moisture content would
initiate particle aggregation. This was also consistent with the results of the moisture content in IDP, which was lowest in F4 and had

o sb 1000

Fig. 1. LS size distribution profile of insulin dry powder (IDP) F1 (A), F2 (B), F3 (C), F4 (D), amd F5 (E) with dispersion in toluene.
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Table 2

Geometric diameter of IDP.
Formulation of IDP Particle size (pm)

Dv10 % Dv50 % Dv90 % Dv average

F1 6.45 + 0.21 24.64 + 0.74 33.98 + 0.91 23.03 £+ 0.67
F2 7.07 £0.17 25.21 + 0.62 34.87 £ 0.86 23.60 + 0.58
F3 4.55 £ 0.13 19.21 £+ 0.59 33.76 £ 0.78 19.59 + 0.52
F4 3.08 + 0.09 18.1 + 0.38 34.26 + 0.59 18.53 + 0.26
F5 4.56 + 0.15 18.96 + 0.61 33.73 £ 0.75 18.77 + 0.51
p value 0.007 0.003 0.009 0.000

All values are presented as mean =+ standard deviation (n = 3). The Dv data were analyzed using One-Way ANOVA, yielding a significance value of p
< 0.05, which indicates a significant difference in the dependent variable (Dv average) among the formulations. However, post hoc analysis with
Tukey HSD revealed p-values greater than 0.05 between F1 and F2, F1 and F3, F2 and F3, as well as F4 and F5, indicating no significant differences in
Dv average among these specific formulations.

the smallest dvs. These results aligned with prior research where trehalose was used as the sole positive control in cryoprotector agent
investigations. The crystalline nature of the micro-particle formulations was caused by the high relative humidity of the environment
and the hygroscopic nature of trehalose [31]. Differences in trehalose ratio within the formula contributed to variations in moisture
content, which had a significant statistical impact on the particle size observed in the dvs among different formulas.

Some IDP formulations also exhibited non-significant differences in mean particle size (p > 0.05), specifically between IDP F1 and
F2, as well as between IDP F4 and F5, as shown in Table 2. These outcomes are associated with the excipient composition, particularly
the similar ratios of trehalose and inulin sugars among these IDP formulations. IDP F1 contains trehalose with a b/b ratio of 5:1 to
inulin, similar to IDP F2 with a trehalose and inulin ratio of 2:1. On the other hand, IDP F4 and F5 also contain similar weight ratio of
trehalose and inulin, specifically 1:2 and 1:5, respectively. The similarity in the trehalose and inulin ratios in these formulations results

Fig. 2. The particle shape and surface properties of IDP F1 (A), F2 (B), F3 (C), F4 (D), and F5 (E) were analyzed using scanning electron microscopy
(SEM) at a magnification of 250x.
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in a resemblance in particle crystallinity and moisture content [31], which in turn contributes to the similarity in their mean particle
size. The particle size is also usually influenced by process parameters in the production of dry powder, specifically in SFD, such as
nozzle diameter and atomization rate, as well as differences in drying methods [32]. In this study, the process parameters were
controlled variables, hence they caused no differences.

These sizes must be suitable for the criteria of delivery and administration route. In this study, IDP was designed for NTBD,
requiring a specific size criterion. Particles with a diameter larger than 20 pm have been reported to be preferred for deposition in the
anterior nasal cavity, while small ones with a diameter less than 5 pm could penetrate the lower respiratory tract [33]. Therefore, the
main size limit considered for nasal delivery was 10 pm. Particles with a median diameter smaller than 10 pm tended to continue their
journey to the lower respiratory tract and were not deposited in the nasal cavity. Additionally, those around 10 pm in diameter were
best deposited in the olfactory area [34]. All seven IDP formulations met the required standards based on the particle size range of
10-60 pm for intranasal delivery.

3.1.3. Particle shape and surface

Based on Fig. 2, scanning electron microscope (SEM) data at a 250 x magnification were used to characterize particle shape and
surface. The entire five formulas of IDP were found to exhibit a spherical shape with rough surface features, aligned with prior studies
employing the same drying method. SFD, involving atomization of the solution through a nozzle [29] and optimization of critical
process parameters (CPPs), led to the observed spherical shape. IDP exhibited spherical-shaped particles, consistent with previous
research employing the same drying method. In the intranasal microparticle formulation using both spray drying (SD) and spray-freeze
drying (SFD) methods, spherical-shaped particles were obtained, aligning with the atomization process involved in SD and SFD drying
methods [35].

Fig. 2(A-E) shows that all IDP formulations with varying weight ratio of trehalose and inulin exhibited a spherical morphology with
a rough surface. The surface roughness was attributed to trehalose and inulin, which were combined to form a sugar glass system for
insulin stabilization [18]. Additionally, the rough surface of a particle can emerge due to the influence of process parameters, including
the drying method, temperature, pressure, freezing rate and atomization speed. Another study focused on formulating microparticles
containing ivacaftor, colistin, and N-(methylpolyoxyethylene oxycarbonyl)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine sodium
salt (DSPE-PEG-OMe) at a mass ratio of 1:1:1, demonstrated that the use of ultrasonic SFD also resulted in the formation of particles
with rough surfaces [36]. Moreover, the material solution flow rate utilized in the IDP preparation was established at 1 mL/min, as
determined in the preliminary study [18]. This adjustment required a purposeful reduction in the dispersion rate during the spraying
phase. This controlled rate has the potential to affect the freezing dynamics in the SFD procedure, consequently affecting the surface
properties of the resulting powdered particles. The freezing conditions inherent in the SFD also contributed to particle surface
morphology. Rapid freezing conditions are likely to produce particles with smoother surfaces, whereas a more gradual freezing process
is likely to yield particles with rougher surfaces [37].

3.1.4. Insulin content

Insulin content in IDP formulations ranged from 98.15 % =+ 0.79 %-101.76 % =+ 0.83 %. The highest content was detected in IDP
F1, while the lowest was observed in F5 (p < 0.05). These results were consistent with the values obtained in the previous investigation
that employed the same formulation method and combination of materials. Optimal protection was achieved through the synergistic
combination of trehalose, a low-molecular-weight sugar possessing a high Tg value, and inulin, with good flexibility in coating and

100.00

80.00

60.00

40.00

Insulin cumulative release (%)

20.00

0 20 40 60 80 100 120
Time (minutes)

—#—F] ——F2 —A&—F3 F4 F5

Fig. 3. The dissolution profile of insulin from dry powder formulations in phosphate buffered saline (PBS) pH 5.8. All values are presented as mean
+ standard deviation (n = 3).
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protecting insulin [18,19]. The higher Tg value significantly contributes to the optimization of insulin stabilization. Moreover, this role
ensures the absence of decrease in insulin concentration in the manufacturing process. The results were also confirmed by the highest
content observed in F1, where trehalose was combined with inulin at a weight ratio of 5:1. A higher amount of trehalose would provide
a better stabilizing effect due to being capable of wrapping tightly around insulin [38]. The findings align with the study conducted by
Tonnis et al. (2015), in which they employed trehalose combined with dextran for formulating reconstituted insulin powder. The
utilization of this combined formulation at a weight ratio of 1:1 led to increased Tg values and improved physical stability of insulin.
Moreover, the insulin content in this formulation could be effectively preserved, resulting in the highest insulin content [39].

3.2. In vitro-ex vivo study of IDP

3.2.1. Invitro release study of IDP

The cumulative percentage of insulin released (%Q) was calculated to obtain the insulin release profile from the dry powder, as
shown in Fig. 3. Samples were taken at 15, 30, 45, 60, 75, 90, 120, 180, and 240 min, indicating that %Q increased until 120 min, with
values greater than 100 %. This result suggested the complete dissolution of all IDP formulations at 120 min, as %Q values decreased in
the subsequent samples. The %Q values at 120 min ranged from 100.35 + 0.44 to 103.58 + 0.37, as presented in Table 3, with the
highest value being found in IDP F3 (p < 0.05). This result aligned with previous studies that used the same composition of materials
and obtained the best formula with a trehalose and inulin ratio of 1:1, offering optimal protection, high stability, and high recovered
content [18]. Moreover, the high recovered content could enhance solubility and dissolution, which correlated with high recovered
content values in the stagnant layer (Cs) [40,41].

The %Q values in the first 30 and 60 min ranged between 49-60 % and 79-88 %, respectively, indicating a relatively rapid insulin
release. This could be attributed to the use of water-soluble polymers, namely poloxamer, and HPMC, as excipients in the formulation
of IDP. Furthermore, the IDP formulation contained entirely water-soluble ingredients. This result was consistent with previous in-
vestigations that used PVA in the formulation of mucoadhesive microspheres for intranasal insulin delivery, leading to a burst release
within the first hour [42]. The pH of the formulation could affect drug solubility and its interaction with the nasal mucosa [40,41]. In
this study, the pH of the dry powder formulation was adjusted to match the nasal fluid pH of 5.8, further influencing the partition
coefficient, solubility, and dissolution.

The release study also aimed to analyze IDP dissolution and obtain other parameters, such as the dissolution rate constant (k),
dissolution efficiency (%ED), and AUC (0-~), as presented in Table 3. The k value was calculated following the first-order kinetic
equation by plotting the remaining cumulative percentage of insulin on a logarithmic scale against time. This plot showed a strong
correlation with an r? value greater than 0.98. The k values for all IDP formulations ranged from (2.95 + 0.04) x 102 to (3.55 £ 0.01)
x1072 per minute, with the highest value obtained for F3 (p < 0.05). Similar results were achieved for the other parameters, AUC (0-~)
and %ED, with the highest values observed for F3 at 9083.97 + 39.75 % per minute and 73.08 % =+ 0.17 %, respectively. These results
aligned with the highest %Q value discovered in F3, indicating that this formulation exhibited the best dissolution compared to the
other four IDPs.

As previously explained, IDP F3 comprised a combination of trehalose-inulin at a weight ratio of 1:1, providing optimal physical
and chemical stability. This was related to the high insulin content, which increased the Cs value and the dissolution rate. The use of
excipients, particularly surfactants such as poloxamer, enhanced the dissolution process in this study, aligning with certain previously
reported similar results [43]. Furthermore, the smaller particle size increased the surface area in contact with the medium, improving
the dissolution rate and other dissolution parameters [40,41].

3.2.2. Ex vivo permeation study of IDP

Based on the values of recovered insulin content, the cumulative amount of insulin that permeated through the goat nasal mucosa
per unit surface area of mucosa was calculated to obtain the permeation profile of IDP, as presented in Fig. 4. According to the obtained
permeation profile, all IDP formulations showed a similar trend. At the 15-min sampling time, the recovered content gradually
increased over time, penetrating the mucosa, indicating a non-steady-state condition. Subsequently, the diffusion rate stabilized,

Table 3
Dissolution parameters of IDP formulations.
Formula Q120min (%) AUC (. Dissolution efficiency Dissolution rate constant (k)
(%.minutes) (%ED) (x 10’2/minutes)
F1 102.10 + 0.52 8661.085 + 43.04 70.69 £ 0.27 3.12 £ 0.06
F2 102.86 + 0.30 8918.662 + 44.42 72.26 £ 0.19 3.48 £ 0.02
F3 103.58 + 0.37 9083.973 + 39.75 73.08 £ 0.17 3.55+£0.01
F4 101.48 + 0.37 8724.674 + 47.51 71.65 £ 0.26 3.39 £0.02
F5 100.35 + 0.44 8268.495 + 31.00 68.67 £ 0.15 2.95 + 0.04
p value 0.000 0.000 0.000 0.000

Q120min = insulin cumulative release for 120 min. All values are presented as mean =+ standard deviation (n = 3). All values were analyzed using One-
Way ANOVA, yielding a significance value of p < 0.05, which indicates a significant difference in each dependent variable (Q120min, AUC(0-c0), %ED,
k) among the formulations. However, post hoc analysis with Tukey HSD revealed p-values greater than 0.05 for AUC between F1 and F4, and for k
between F2 and F3, as well as F2 and F4, indicating no significant differences in AUC and k among these specific formulations.
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entering a steady-state condition that lasted from 30 to 240 min. At 300 and 360 min, the diffusion rate decreased, suggesting a return
to a non-steady-state condition.

To analyze the permeation of IDP in goat nasal mucosa, the permeation flux value was calculated by plotting a graph that showed
the relationship between the cumulative amount of insulin permeated through the nasal mucosa per cm? and time at a steady-state
condition. Based on Fick’s law, the slope of the regression equation represents the permeation rate (flux) [41]. The permeation flux
and cumulative amount of insulin permeated over 6 h can be seen in Table 4.

The cumulative amount of insulin permeated over 6 h ranged from 61.73 =+ 0.54 pg/cm? to 71.30 + 0.58 pg/cm?, with the highest
value obtained from IDP F3 (p < 0.05). Similarly, the highest permeation flux value of 0.26 pg/cm?/minute was achieved by F3 (p <
0.05), while the lowest flux of 0.22 pg/cmz/minute was found in F5 (p < 0.05). These results were consistent with the high insulin
content and dissolution parameter values discovered in the release study for F3. These also aligned with other studies that developed
chitosan-based microparticles and detected a correlation between release and permeation [44].

Factors affecting the permeation of drugs from the nasal cavity to the brain include the physicochemical properties of the active
pharmaceutical ingredient (API), formulation design, properties of the nasal mucosal tissue, and experimental conditions. For instance,
the physicochemical properties of the API such as the lipophilicity, molecular weight, and partition coefficient can impact its
permeation. These properties can influence the solubility of the active substance in nasal fluid and the ability of drugs to pass through
the nasal mucosal layer [45-47]. In this study, IDP F3 with a 1:1 wt ratio of trehalose combined to inulin, showed high content and
stability, enhancing the solubility of insulin in nasal fluid and consequently improving the dissolution and permeation through the
nasal mucosa.

The formulation factors for NTBD include the type and proportion of excipients, production techniques, and the formulation pH.
These can respectively affect the physicochemical properties and stability of the formulation, as well as drug solubility and interaction
with the nasal mucosa [45-47]. Surfactants, mucoadhesives, and polymers are commonly used excipients in intranasal drug delivery
formulations [48]. In this study, all formulations contained trehalose and inulin as stabilizers, poloxamer as a surfactant and
permeation enhancer, and HPMC as a mucoadhesive. The application of these excipients increased insulin dissolution as evidenced by
its relatively rapid release. This also boosted insulin permeation through the nasal mucosa, as demonstrated by the cumulative amount
permeated within the first 30 min. However, among these excipients, the mucoadhesive polymer is the most crucial factor in the ex vivo
permeation parameter and NTBD of insulin from IDPs. The mucoadhesive polymer can enhance the adhesion of IDP to the nasal
mucosa, thereby increasing the contact time of IDP with the nasal mucosa and its permeation [47,48]. Poloxamer, which functions as
both a surfactant and a permeation enhancer, enhances the release of insulin from IDP, resulting in a greater amount of insulin being
released. However, if IDP does not have adequate contact time with the nasal mucosa, then the greater amount of insulin released may
not necessarily result in high permeation [48]. The IDP was adjusted to the pH of the nasal fluid of 5.8, which similarly affected the
partition coefficient, solubility, and dissolution, leading to enhanced permeation.

The nasal mucosa factors as controlled variables include physiological characteristics such as surface area and thickness, the
presence of hydrolytic enzymes, and mucus flow. These often influence the contact time between the drug and the mucosa, as well as
drug permeation ability [45-47].
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Fig. 4. Insulin permeation profile of IDPs in PBS pH 5.8. All values are presented as mean + standard deviation (n = 3).
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Table 4
The cumulative amount and flux of insulin permeated from dry powder at the end of 6 h.
Formula Insulin cumulative amount permeated at 6 h (ug/cm?) Flux (g/cm?/minutes)
F1 67.96 + 0.48 0.23 £ 0.00
F2 70.10 £ 0.47 0.24 £+ 0.00
F3 71.30 £ 0.58 0.26 £+ 0.00
F4 69.02 + 0.68 0.23 £ 0.00
F5 61.73 £ 0.54 0.22 £+ 0.00
p value 0.000 0.000

All values are presented as mean =+ standard deviation (n = 3). All values were analyzed using One-Way ANOVA, yielding a significance
value of p < 0.05, which indicates a significant difference in each dependent variable (insulin cumulative amount permeated at 6 h and
flux) among the formulations. However, post hoc analysis with Tukey HSD revealed p-values greater than 0.05 for the insulin cumulative
amount permeated between F1 and F4, F2 and F3, as well as F2 and F4, and for the flux between F1 and F4, indicating no significant
differences in these parameters among these specific formulations.

3.2.3. Mucoadhesion study of IDP

Mucoadhesive strength was evaluated using two methods, namely in vitro strength testing and ex vivo time mucoadhesion testing,
both conducted on goat nasal mucosa following the same preparation method as the permeation testing. According to Table 5, F1 and
F2 needed a greater force of 230 g for the detachment of IDP plates with respective mucoadhesive times of 48.10 + 2.31 and 45.26 +
2.71 s. Conversely, F3, F4, and F5 containing smaller trehalose ratios required less force to detach from the goat nasal mucosa. This
aligned with the results of ex vivo testing, where IDP F5 demonstrated the fastest detachment time, while F1 showed the longest (p <
0.05). Additionally, the detachment times for IDP formulations compressed into thin plates ranged from 20.29 + 0.89 to 26.14 + 0.39
min, as presented in Table 5.

Factors affecting the mucoadhesive properties of nasal powder formulations include their physicochemical properties and the
characteristics of the mucosa [49]. In this study, differences in mucoadhesion time and strength were influenced by the IDP char-
acteristics. The five IDPs were prepared with different ratios of trehalose and inulin, with F1 containing the highest trehalose ratio
compared to the other four formulations, while F5 had the lowest. Trehalose, being more hygroscopic than inulin, conferred greater
hygroscopicity and stronger mucoadhesive properties to the resulting powder [50]. Trehalose is a disaccharide consisting of two
glucose molecules linked by an o, a-1,1 bond, while inulin is a fructan polysaccharide comprising several fructose molecules linked by
a B, 2-1 bond. Due to its unique structure and hygroscopicity, trehalose exhibits distinct mucoadhesive strength compared to inulin
[51]. The percentage of HPMC used as a mucoadhesive enhancer was kept constant in all formulations.

The characteristics of the nasal mucosa equally influence the mucoadhesive properties of IDP formulations. The structure of the
nasal mucosa, comprising a mucus layer and cilia on its surface, facilitates the capture of a formulation or powder through electrostatic
interactions, hydrogen bonding, and van der Waals forces. Additionally, environmental conditions within the nasal cavity, such as pH,
viscosity, and flow rate, play a role in determining the mucoadhesive properties [49]. In this study, the nasal mucosa characteristics
were controlled variables due to the standardized preparation of the nasal mucosa for all tests.

In summary, enhancing the mucoadhesive properties of a nasal formulation requires careful consideration of its physicochemical
properties and the nasal mucosa characteristics. By considering these factors during the development of the formulations for drug
delivery, optimal delivery and maximal biodistribution to the desired tissue can be achieved.

3.2.4. Ex vivo histopathology study of IDP

During the histopathological examination, goat nasal mucosa was cut into a size of approximately 0.5 cm in length, width, and
thickness. The samples were treated with IDP and fixed in 10 % formalin solution for 12-24 h to evaluate the safety and potential
irritation of the nasal mucosa. Subsequently, the histological images of the nasal mucosa were obtained through HE staining, as shown
in Fig. 5.

The negative control treatment, which involved the administration of physiological saline solution onto the nasal mucosa,

Table 5
In vitro mucoadhesion strengths and ex vivo mucoadhesion time of IDP formulations.
Formula In vitro mucoadhesion Ex vivo mucoadhesion
Force (g) Time (s) Time (s)
F1 230 48.10 + 2.31 26.14 £+ 0.39
F2 230 45.26 + 2.71 24.21 £ 0.39
F3 210 43.72 + 1.47 22.60 + 2.09
F4 200 48.81 + 2.45 20.92 £ 2.11
F5 200 43.60 + 2.57 20.29 + 0.89
p value - - 0.003

All values are presented as mean + standard deviation (n = 3). All values were analyzed using One-Way ANOVA, yielding a sig-
nificance value of p < 0.05, which indicates a significant difference in ex vivo mucoadhesion time among the formulations. However,
post hoc analysis with Tukey HSD revealed p-values greater than 0.05 between F1 and F2, F1 and F3, F2 and F3, F2 and F4, F3 and F4,
F3 and F5, as well as F4 and F5, indicating no significant differences in ex vivo mucoadhesion time among these specific formulations.
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displayed intact and normal epithelial structures with a lesion score of 0, indicating no damage or irritation, as seen in Fig. 5(A). In
contrast, the positive control treatment with isopropyl alcohol initiated epithelial damage in the upper layer (Fig. 5(B)) with a lesion
score of 2. Treatments with all IDP formulations resulted in observations similar to the negative control, with epithelial lesion scores of

Fig. 5. The hematoxylin-eosin (HE) staining of nasal mucosa in the histopathological examination after treatment, including the negative control
(A), positive control (B), and IDP formulations F1 (C), F2 (D), F3 (E), F4 (F), and F5 (G), demonstrated the absence of mucosal damage or irritation

following IDP administration.
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0, indicating no nasal damage or irritation, as seen in Fig. 5(C-G).

Particle size is an important factor affecting the safety of dry powder formulations. Extremely large particles often cause physical
irritation to the mucosal surface, while very small ones can lead to systemic absorption and potential toxicity [33]. In this study, all IDP
formulations had diameters ranging from 18.46 to 23.60 pm, suitable for NTBD through the olfactory pathway. Based on this particle
size, the IDPs are not supposed to irritate the nasal mucosa.

The choice of excipients in dry powder formulations can also influence safety and tolerability. Excipients such as surfactants,
preservatives, and stabilizers, are commonly employed to improve the physical and chemical stability of the formulation. Previous
studies using trehalose in ovalbumin nasal powder formulations obtained particles with a diameter ranging from 16 to 20 pm. A
histopathological examination performed on the nasal lymphatic tissue of monkeys showed normal epithelial cells in the vestibular,
olfactory, and respiratory regions based on HE staining. Additionally, the distribution of the powder formulation was better in the
anterior nasal region compared to the liquid formulation, indicating that trehalose in the ovalbumin powder formulation did not
induce irritation in the nasal lymphatic tissue [52]. In this study, apart from trehalose, excipients such as inulin, HPMC, and poloxamer
were added to IDP. Another exploration of an intranasal nano-vaccine delivery system based on inulin acetate demonstrated its safety
and potential for mucosal intranasal vaccine delivery [53]. HPMC and poloxamer are commonly used in the development of
lipid-based nanoparticles for NTBD [54]. In-depth histopathological and biomarker testing in rats confirmed the safety of this
formulation, as evidenced by the absence of nasal mucosal damage, such as cell necrosis or loss of cilia [55]. Overall, the entire ex-
cipients applied in the examined IDP formulations demonstrated safety and tolerability, leading to being suitable for intranasal
administration.

The pH of dry powder formulations is another crucial factor affecting their safety and tolerability. The nasal mucosa is slightly
acidic, hence its surface can be irritated or damaged by formulations with an extremely high or low pH [56]. In this study, all IDP
formulations were adjusted to pH 5.8, consistent with the physiological pH of nasal fluids. In another study, the administration of a
combination of plant gum and the infectious bursal disease virus (IBDV) vaccine via ocular route showed no signs of irritation. In
another group that received the vaccine or plant gum alone, lesions were observed. This was influenced by the pH of the formulation
and its compatibility with ocular physiological conditions [57].

Factors such as dose, frequency of administration, and duration of treatment, can influence the risk of local irritation and systemic
toxicity. In this study, the dosing and administration frequency were controlled, and no significant irritation or damage to the nasal
mucosa was observed.

3.2.5. In vivo biodistribution study of IDP

The in vivo biodistribution study provided valuable insights into the distribution and recovered content of insulin in the olfactory
region and brain following intranasal administration of the IDP formulations. This aimed to evaluate the transport and delivery of
insulin to the target sites.

The deposited insulin concentration in the tissues or plasma was calculated as an amount of insulin (pIU) in the weight of the
tissues, as shown in Fig. 6. Fig. 6(A) shows the amount of inulin deposited in the olfactory bulb, while Fig. 6(B) shows the amount of
inulin deposited in the whole brain at 15, 60, 90, and 120 min after administration. Insulin from IDP F1-F5 was not detected in the
plasma until 120 min after administration (data not presented), indicating that the IDP intranasal delivery did not lead to the systemic
circulation of insulin.

Insulin administered through the intranasal route often bypasses the blood-brain barrier and reaches the brain directly, thereby
increasing treatment effectiveness. This approach is particularly advantageous for AD therapy, as systemic circulation of the hormone
is not required, circumventing the limitations associated with insulin that does not reach systemic circulation [58]. Several factors
contribute to the low systemic circulation of intranasally delivered insulin, including biological factors and drug formulation [59].

Biological factors contributing to the low systemic circulation of insulin include the presence of hydrolytic enzymes in the nasal
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Fig. 6. The deposited insulin concentration (uIU/g tissue) in the olfactory bulb (A) and whole brain (B) after intranasal administration. The blank
samples, which consisted of PBS pH 5.8, were observed as the normal control for each intranasal administration time point, resulting in undetected
insulin concentration in plasma, olfactory bulb, and whole brain (data not shown). All IDP administrations also yielded undetected insulin levels in
the plasma (data not shown). All values are presented as mean + standard deviation (n = 3).
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mucosa. The high enzymatic activity in the nasal mucosa rapidly degrades insulin before entering the systemic circulation. Addi-
tionally, the highly vascularized nasal mucosa allows insulin absorbed to be directly transported to the brain through the olfactory
nerves, limiting systemic distribution [58].

Drug formulation factors influencing the low systemic circulation of insulin include the use of mucoadhesive agents, such as
carbopol or polyacrylate, which can increase the retention time of insulin in the nasal cavity and enhance its absorption [58,59]. These
mucoadhesive agents tend to promote insulin absorption by the nasal mucosa, reducing systemic distribution. In this study, HPMC E5
served as the mucoadhesive agent, contributing to increased insulin retention in the nasal cavity and decreased systemic distribution
[60,61]. This aligned with a previous study that used L-penetratin and D-penetratin in liquid insulin formulations for intranasal de-
livery, both of which demonstrated significant effects on insulin biodistribution in the olfactory bulb and brain compared to formu-
lations without these agents. Furthermore, the use of D-penetratin demonstrated a minimal risk of side effects on systemic circulation
[28].

In the olfactory bulb, deposited insulin concentration ranged from 46.94 + 0.934 pIU/g tissue to 50.35 + 0.75 pIU/g tissue after
120 min, while insulin lower concentration of 29.05 + 0.70 pIU/g tissue to 34.21 + 0.55 pIU/g tissue was observed in the whole brain,
as shown in Fig. 6. These results indicated that insulin can be adequately distributed within the olfactory bulb and brain. Among the
dry powder formulations, F3 demonstrated the highest deposited insulin concentration reaching 50.35 + 0.75 pIU/g tissue in the
olfactory bulb and 34.21 + 0.55 pIU/g tissue in the brain after 120 min of administration (p < 0.05). This corresponded to the high
amount of insulin found in F3.

Nasal delivery of insulin permits targeted distribution to the olfactory region and brain while avoiding systemic circulation. This
aligns with the objective of delivering insulin directly to the brain for AD therapy. The distribution of insulin to the olfactory bulb and
brain is influenced by several factors, including the physicochemical properties of insulin, characteristics of the nasal mucosa, and the
form and formulation of the drug [59].

In this study, insulin was formulated as a micro-sized dry powder, further influencing its distribution to the brain. All IDP for-
mulations (F1-F5) demonstrated significant biodistribution to the olfactory region and brain compared to systemic circulation. The
physical and chemical characteristics of insulin play a significant role in its distribution to the olfactory region and brain. Smaller
insulin molecules exhibit a greater ability to cross the blood-brain barrier and reach the brain. Therefore, chemically modified insulin
with reduced molecular size can enhance distribution to the brain [59].

The characteristics of the nasal mucosa, such as permeability and vascularity, influence insulin distribution to the olfactory region
and brain. A more permeable and vascular nasal mucosa enhances insulin absorption and distribution to the brain [58]. In this study,
the nasal mucosa was controlled using the same preparation method for all treatments, ensuring it was a controlled variable.

The form and formulation of the drug also impact insulin distribution to the olfactory region and brain. Formulations that adhere to
the nasal mucosa or contain absorption enhancers can increase insulin distribution to the brain while reducing systemic distribution
[58,59]. The present study demonstrated similar results, where all dry powder formulations (F1-F5) exhibited undetectable systemic
biodistribution, while significant biodistribution was observed in the olfactory region and brain. This result aligned with previous
studies that formulated insulin with L-penetratin and D-penetratin. Low biodistribution of insulin has been reported in liquid for-
mulations without the two components, while the addition of both components significantly enhanced insulin biodistribution to the
olfactory region and brain. The use of these two excipients minimized the risk of side effects in systemic circulation [28].

The factors influencing insulin biodistribution to the brain through nasal delivery are not fully understood, including the specific
routes and mechanisms involved. Various routes have been proposed for the targeted transportation of compounds from the nasal
passage specifically to the brain [62,63]. The major pathway is believed to encompass axonal transportation throughout the olfactory
or trigeminal nerves across the olfactory and respiratory mucosa [64-67]. These transport pathways associated with the olfactory and
trigeminal nerves extend to the olfactory bulb and brainstem, potentially requiring endocytosis for the transport of bioactive mac-
romolecules. An alternative pathway includes permeation processes through the epithelial cells supporting the olfactory and respi-
ratory mucosa, comprising extracellular diffusion and transcytosis. Molecules that penetrate the lamina propria layer subsequently
diffuse into the cerebrospinal fluid (CSF) through perineural passages or flow collectively into the perivascular region [62,63].
Molecules conveyed to the olfactory bulb, brainstem, or CSF are anticipated to ultimately access the brain parenchyma.

According to the transport mechanisms suggested in existing literature [62-67], the initial phase in the complete transport pathway
from the nasal passages to the brain involves drug absorption by the nasal epithelium, including uptake by neuronal and supporting
cells. As previously explained, achieving adequate insulin concentrations specifically in the brain may not be accomplished solely
through intranasal administration without additional delivery approaches. To assure the therapeutic effectiveness of intranasally
administered insulin in the brain, the key challenge lies in promoting effective transportation from the nasal passages specifically to the
brain. Furthermore, previous studies by Kamei & Takeda-Morishita demonstrated the use of L-penetratin and D-penetratin to be
capable of augmenting insulin levels in the olfactory region and brain. This observation suggests that penetration-enhancing com-
pounds can increase insulin accumulation in the brain [28].

Further biodistribution testing of insulin in specific brain regions can be conducted. The brain consists of various specific regions,
such as medulla oblongata, pons, cerebellum, thalamus, hypothalamus, amygdala, hippocampus, and cortex, each with distinct roles
and functions. The cortex is subdivided into several parts, including the frontal lobe, parietal lobe, temporal lobe, and occipital lobe.
Brain regions associated with AD include the hippocampus and cortex [68]. Biodistribution testing of insulin in specific brain regions
can provide further analysis of its relevance to the effectiveness of AD therapy.
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4. Conclusion

The comprehensive evaluations of the IDP formulations through in vitro, ex vivo, and in vivo studies suggest that the produced IDPs
have their potential for non-invasive NTBD. Among the tested IDP formulations, F3 with a weight ratio of trehalose to inulin of 1:1,
demonstrated the most promising results of brain biodistribution. Therefore, F3 was recommended for further exploration and
development in NTBD. Subsequent studies should focus on assessing various excipients, including penetrating agents, to improve their
in vivo performance and safety. This formulation can be further extended to investigate dosing and multiple administrations of IDP
intranasally, which are essential to ensure the effectiveness and safety of repeated IDP administration. In addition, similar assessments
on commercial liquid insulin products need to be conducted in future studies to compare their in vitro, ex vivo, and in vivo bio-
distribution aspects with those of IDP. Further comparison can then be analyzed to optimize stable IDP formulations suitable for NTBD.
The results will contribute valuable insights to the development of novel therapeutic strategies for neurodegenerative diseases, such as
AD, utilizing the advantages of intranasal drug delivery.
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