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Abstract: Neurodegenerative disorders (NDs) have become a serious health problem worldwide due
to the rapid increase in the number of people that are affected and the constantly aging population.
Among all NDs, Alzheimer’s and Parkinson’s disease are the most common, and many efforts have
been made in the development of effective and reliable therapeutic strategies. The intranasal route
of drug administration offers numerous advantages, such as bypassing the blood–brain barrier and
providing a direct entrance to the brain through the olfactory and trigeminal neurons. The present
review summarizes the available information on recent advances in micro- and nanoscale nose-to-
brain drug-delivery systems as a novel strategy for the treatment of Alzheimer’s and Parkinson’s
disease. Specifically, polymer- and lipid-base micro- and nanoparticles have been studied as a feasible
approach to increase the brain bioavailability of certain drugs. Furthermore, nanocomposites are
discussed as a suitable formulation for administration into the nasal cavity.

Keywords: microparticles; nanoparticles; neurodegenerative disorders; Alzheimer’s disease;
Parkinson’s disease; nose-to-brain

1. Introduction

In recent decades, neurodegenerative disorders (NDs) have become a global health
problem due to the rapid increase in the number of people affected and the aging of the
world’s population [1]. Both the direct and indirect costs of treating neurodegenerative
disorders are significantly higher than those of treating cancer [2,3]. Among all NDs,
Alzheimer’s (AD) and Parkinson’s disease (PD) are the most common, usually characterized
by neuroinflammation, intracellular α-synuclein (α-syn) deposition, iron accumulation,
increased oxidative stress, lipid peroxidation, etc. [4]. All these processes lead to neuronal
damage and disrupt mobility, coordination, strength, sensation, and cognition [5,6]. Many
efforts have been made to develop effective and reliable therapeutic strategies for NDs.
However, most treatments focus on slowing down disease progression but do not lead to a
complete cure. Many active pharmaceutical ingredients (APIs) cannot achieve the desired
therapeutic effect due to the presence of limiting factors, such as the blood–brain barrier
(BBB). It is, therefore, essential to ensure the safe and effective delivery of active moieties in
the brain for the beneficial treatment of NDs [7].

The intranasal route of drug administration offers numerous advantages, such as
bypassing the intestine, avoiding first-pass metabolism, and reducing systemic side effects.
Moreover, it circumvents the BBB, providing direct entrance to the brain through the
olfactory and trigeminal nerve pathways. Direct nose-to-brain delivery has emerged as an
opportunity for many APIs to reach the brain but, at the same time, accomplish this is a
big challenge. Factors such as mucociliary clearance, which shortens the residence time of
the drug at the administration site, may compromise nasal drug delivery due to decreased
nasal absorption [8].

Biomedicines 2022, 10, 1706. https://doi.org/10.3390/biomedicines10071706 https://www.mdpi.com/journal/biomedicines

https://doi.org/10.3390/biomedicines10071706
https://doi.org/10.3390/biomedicines10071706
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com
https://orcid.org/0000-0002-5737-536X
https://doi.org/10.3390/biomedicines10071706
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com/article/10.3390/biomedicines10071706?type=check_update&version=2


Biomedicines 2022, 10, 1706 2 of 18

Micro- and nanotechnological approaches were widely used to overcome these limita-
tions and enhance the availability of drugs in the brain tissue. Micro- and nanoparticulate
carriers are composed of natural or synthetic materials that interact with biological struc-
tures at the molecular level and lead the treatment of NDs into a new direction. They may
induce interaction between target sites, thus minimizing the side effects.

The purpose of this review is to summarize the available information on advances in
micro- and nanoscale nose-to-brain drug-delivery systems for Alzheimer’s and Parkinson’s
disease.

2. The Nasal Route—A Shortcut to Deliver Therapeutics Directly to the Brain

The brain is undoubtedly the most protected organ in the human body from the entry
of exogenous substances such as toxins and drug molecules. This protection is provided by
different cells at three interfaces: the blood–brain barrier (BBB), the blood–cerebrospinal
fluid barrier (BSB), and the arachnoid barrier [9]. To reach the brain, drug molecules
must meet certain criteria: they should be non-ionized and lipophilic, with a molecular
weight below 400 Da and capable of forming fewer than eight hydrogen bonds [10]. Most
drugs used for the treatment of neurodegenerative disorders do not comply with the listed
requirements for effective brain delivery. This has led scientists to search for alternative
administration routes to bypass the BBB and harness the therapeutic potential of drug
molecules. Therapeutics might be administered directly to the central nervous system
(CNS) by intrathecal, intraparenchymal, and intracerebroventricular injections/infusions,
but these routes are invasive and are not suitable for chronically administered drugs [11,12].
The nasal route has gained attention in recent years as non-invasive and easy-to-self-
administer path that allows for rapid absorption and avoids the first-pass metabolism
of therapeutics. The number of approved intranasal formulations is constantly growing,
e.g., Rivamist® (rivastigmine intranasal spray) (Lachesis Biosciences Ltd, Warrnambool,
Australia), and can be used to treat agitation associated with Alzheimer’s disease.

Nasal formulations have the potential for self-medication and good patient compli-
ance. The human nasal cavity extends from the nostrils to the nasopharynx (12–14 cm in
length) and contains four different types of epithelia and underneath mucosa: squamous,
respiratory, transitional, and olfactory [13,14]. Nasally administered drugs are deposited
in the respiratory or olfactory epithelium [15,16]. From the respiratory epithelium, drugs
can be absorbed in the systemic circulation, and then can reach the CNS if they can cross
the BBB. Regarding nose-to-brain delivery, olfactory mucosa, and the trigeminal nerve,
which innervates the olfactory and respiratory mucosa, are of particular interest (Figure 1).
The nasal route provides two pathways—intracellular and extracellular—that are respon-
sible for the drug being transported directly to the brain [14]. The intracellular pathway
involves endocytosis by sensory olfactory cells, axonal transport to their synaptic clefts,
and exocytosis into the olfactory bulb, where neurons projecting to brain regions repeat
the process [17]. The extracellular pathway directly transports drug molecules into the
cerebrospinal fluid (CSF) through the paracellular space of the nasal epithelium and then
through the perineural space to the subarachnoid space of the brain [17]. Both mechanisms
contribute to the transportation of drug molecules, but the intracellular pathway is quite
slow and cannot demonstrate the delivery of intranasal markers to all regions of the brain
far beyond the projections of the olfactory bulb. Although reinforced by limited kinetic
evidence, the extracellular pathway appears to be the main component of drug transport
and should be the primary target [17]. It is reasonable that a combination of these path-
ways may occur (Figure 2), depending on the physicochemical properties of the drugs,
characteristics of the formulation, and the type of drug-delivery device. The target region
for nose-to-brain delivery is the olfactory epithelium in the upper nasal cavity. Due to the
rich vascularization, the nasal mucosa generally serve as an effective absorption surface for
therapeutic agents. However, the olfactory region, due to its proximity to the CSF, presents
a direct connection to the CNS (nose-to-brain) [18].
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Figure 1. Nose-to-brain drug delivery. Schematic representation of olfactory and trigeminal neu-
rons’ position in the nasal cavity; in purple-olfactory pathway, in green-trigeminal pathway. Cre-
ated with BioRender.com (accessed on 25 June 2022). 

 
Figure 2. Nose-to-brain drug-transport pathways. After nasal administration drug molecules can 
reach the brain via olfactory, systemic, and trigeminal pathways. Olfactory and trigeminal pathways 
avoid first-pass metabolism of drugs and bypass BBB to deliver molecules directly to the brain via 
transcellular and paracellular transport. Created with BioRender.com (accessed on 25 June 2022). 

3. APIs Suited for Nose-to-Brain Drug Delivery 
Dosage forms with targeted nose-to-brain delivery include mainly drugs that do not 

reach therapeutic concentrations in the brain tissue, otherwise administered, e.g., orally, 
drugs with a pronounced first-pass effect, and drugs with many peripheral side effects 
[19]. The main properties that affect the rate and extent to which drug molecules will be 
transported from the nasal cavity to the brain tissue are the molecular weight, lipophilic-
ity, and the degree of dissociation [14]. 

Dopamine itself, for example, cannot be used for the treatment of Parkinson’s disease 
because it is incapable of crossing the BBB. In an animal study, dopamine levels were 
investigated in blood and cerebrospinal fluid to find out whether the drug was transferred 
along the olfactory pathway to the CNS following nasal administration. The drug was 
given intravenously or nasally. Higher dopamine levels in the brain were registered 30 

Figure 1. Nose-to-brain drug delivery. Schematic representation of olfactory and trigeminal neurons’
position in the nasal cavity; in purple-olfactory pathway, in green-trigeminal pathway. Created with
BioRender.com (accessed on 25 June 2022).
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Figure 2. Nose-to-brain drug-transport pathways. After nasal administration drug molecules can
reach the brain via olfactory, systemic, and trigeminal pathways. Olfactory and trigeminal pathways
avoid first-pass metabolism of drugs and bypass BBB to deliver molecules directly to the brain via
transcellular and paracellular transport. Created with BioRender.com (accessed on 25 June 2022).

3. APIs Suited for Nose-to-Brain Drug Delivery

Dosage forms with targeted nose-to-brain delivery include mainly drugs that do not
reach therapeutic concentrations in the brain tissue, otherwise administered, e.g., orally,
drugs with a pronounced first-pass effect, and drugs with many peripheral side effects [19].
The main properties that affect the rate and extent to which drug molecules will be trans-
ported from the nasal cavity to the brain tissue are the molecular weight, lipophilicity, and
the degree of dissociation [14].

Dopamine itself, for example, cannot be used for the treatment of Parkinson’s disease
because it is incapable of crossing the BBB. In an animal study, dopamine levels were
investigated in blood and cerebrospinal fluid to find out whether the drug was transferred
along the olfactory pathway to the CNS following nasal administration. The drug was
given intravenously or nasally. Higher dopamine levels in the brain were registered 30 min
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after nasal administration compared to those after intravenous administration. These
results indicate that unchanged dopamine is transferred into the olfactory bulb via the
olfactory pathway in rats [20]. Studies in humans have demonstrated that peptides such as
melanocortin, vasopressin, and insulin, which have been shown to affect brain functions,
including learning, memory, and cognition, accumulate in the brain tissue after intranasal
administration [21]. Intranasal insulin was found to improve cognitive functions in patients
with Alzheimer’s disease with no increase in peripheral blood levels [22].

4. Desired Features of Micro- and Nanoparticles for Successful Nose-to-Brain Delivery

Various dosage forms (solutions [21,22], suspensions [23], microemulsions [24,25],
gels [26]) have been prepared for nose-to-brain delivery. Conventional forms usually do not
provide a controlled release of drug molecules and are not capable of targeted delivery [27].
There is usually a rapid release and absorption of the active molecules soon after admin-
istration, and a sharp increase in plasma concentration, which can lead to toxic effects.
After a relatively short period of time, this concentration falls below therapeutic levels,
and this may lead to more frequent use of the dosage form [27]. Particulate formulations
can offer advantages over conventional forms, such as greater stability, convenience [28]
and a long residence time in the nasal cavity [29]. Another important aspect to consider
when looking at nose-to-brain drug delivery is to ensure that the formulation is deposited
in the olfactory region, which can be achieved with the help of appropriate devices for
both liquid and solid systems [30]. Furthermore, the nasal dosage form should be designed
to provide an extended residence time and maintain a high local concentration for drug
diffusion [31]. Particle size is another important feature in the development of an optimized
delivery system for nose-to-brain administration. Nanoparticles, for example, permeate
phospholipid membranes more easily than microparticles due to their smaller size, since
the tight junctions of the nasal epithelium are smaller than 15 nm. Larger particles cannot
permeate the epithelium; they release the drug in the mucosal tissue, where it is usually
absorbed by passive diffusion. The surface charge of the carrier plays a crucial role in
prolonging the contact time between the carrier and the mucosa. Microparticles with a
positive charge may adhere to the mucosa due to the net-negative charge of the mucin.

5. Microparticles for Neurodegenerative Disorders

Microparticles are drug-delivery systems, in the 1–1000 µm size range. They have both
therapeutic and technological advantages based on their structural and functional abilities,
such as modified and targeted drug delivery and release, protection of the encapsulated
active agent against degradation, protection of the body from systemic side effects, dose
titration and less dose dumping, more homogeneous distribution, and more predictable
pharmacokinetics with reduced variables [32–34]. Microparticles can be considered as
homogeneous or heterogeneous systems depending on the formulation and preparation
process [35]. They can be incorporated in different dosage forms—liquids (solutions,
emulsions, suspensions), semisolids (gels, creams, pastes), and solids (powders, granules,
tablets) [33].

The deposition of particles in the human nasal cavity depends on the geometry of
the nasal cavity on the one hand, and on the particles’ properties, such as size, shape, and
density, on the other. Evidence in the literature suggests that particles larger than 20 µm
show a preferential deposition in the anterior part of the nasal cavity on inhalation due
to high inertial impaction [36], while particles smaller than 5 µm follow the airways and
exit the nasal cavity [36]. Research data suggest that particles of around 10 µm in size may
show a preferential deposition in the olfactory region when intranasally administered at
normal inhalation rates [37]. This suggests that tailoring the carrier drug particle size (into
micron-sized particles) can be a potential strategy to enhance the preferential deposition of
drug particles in the olfactory region of the nasal cavity (Table 1). Since the mucoadhesive
capacity is crucial for the increased residence time of drug-loaded particles in the nasal
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cavity, a common approach to prolonged deposition on the olfactory epithelium has been
to use mucoadhesive polymers for the formulation of drug carriers [38].

5.1. Polymeric Microparticles

In a study performed by Gavini et al. [39], cyclodextrin (CD)-loaded mucoadhesive
microspheres, used as a nasal delivery system for brain targeting, were produced by the
spray-drying technique. Chitosan and alginate were used as structure-forming polymers
and the in vitro capacity of cyclodextrins to interfere with the b-amyloid fibril formation
was examined. In this study, none of the tested CDs (β-cyclodextrin and hydroxypropyl-
β-cyclodextrin) showed direct cellular toxicity; furthermore, they both proved to have a
cell protective capacity from the b-peptide. It was found that the most important factors
influencing the properties of microparticles are the type of polymer, CD, and the ratio
between the two. Alginate-based microspheres have a surface with multiple invaginations
that provide a larger specific surface area, as well as better aerodynamic properties, than
spherical particles. In addition, an interaction may occur between the alginate and calcium
ions found in the extracellular fluid, which, in turn, may contribute to better adhesion. The
authors conclude that the microparticulate formulation that they developed is a promising
nasal drug-delivery system for targeting the brain.

Some neurodegenerative disorders are characterized by iron dysregulation [40,41]. In
the CNS, iron is present in neurons, astroglia, microglia cells, and olygodenrosytes. Iron is
a redox-active metal and is involved in many cellular processes, including mitochondrial
respiration, DNA synthesis, myelin synthesis, neurotransmitter synthesis, and cellular
metabolism [42]. Iron accumulation is a common feature of many NDs, such as Alzheimer’s
and Parkinson’s disease [43]. It contributes to the progression of neuropathology via the
generation of reactive oxygen species [40]. Ferroptosis, a recently discovered form of
cell death, distinct from apoptosis, includes iron dysregulation, lipid peroxidation, and
inflammation as major hallmarks [44,45]. Targeting ferroptosis is an attractive approach to
influence NDs. Iron chelation is one of the common therapeutic strategies for Alzheimer’s
and Parkinson’s disease. The chelation of excess iron should have moderate affinity to
avoid the depletion of transferrin and iron-associated proteins and to prevent side effects
due to iron removal in areas lacking iron overload [46,47]. Most iron chelators have low
oral bioavailability and a short half-life [48]. Rassu et al. developed and characterized
microparticles for the targeted nose-to-brain delivery of deferoxamine mesylate (DFO), a
neuroprotector that is unable to cross the blood–brain barrier and achieve high availability
in brain tissue. Spherical chitosan chloride and methyl-β-cyclodextrin microparticles
loaded with DFO were obtained by spray-drying at high production yields, exceeding
50%. The drug content was close to theoretical values and the encapsulation efficiency
ranged from 93 to 98%. In their research, the authors compared the properties of freeze-
dried and spray-dried powders regarding their suitability for nasal administration. The
results revealed that spray-drying is the preferred technique for the preparation of nasal
formulations, since it allows for the preparation of smaller particles with a narrow size
distribution. Moreover, microparticles based on methyl-β-cyclodextrins (MCD) appear
to have great efficacy in inducing drug absorption across the neuronal component of the
olfactory mucosa. Considering the poor systemic bioavailability obtained by the nasal
administration of the microparticles, the MCD system appears promising for a noninvasive
clinical application of DFO as a neuroactive drug in various brain diseases [49].

Another piece of research, carried out by Hussein et al., demonstrates the prepara-
tion of ropinirole hydrochloride-loaded alginate microparticles using the spray-drying
technique [50]. Ropinirole acts as a dopamine receptor agonist and is used for the treat-
ment of motor disorders in patients with moderate-to-advanced Parkinson’s disease [51].
However, ropinirole suffers from relativity low oral bioavailability due to its extensive
hepatic first-pass metabolism. In addition, the oral administration of ropinirole causes
gastrointestinal disturbances [51]. The incorporation of the drug into alginate microspheres
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resulted in improved stability and non-toxicity to an excised nasal sheep mucosa, and
suggests effective delivery in the cerebrospinal fluid and the brain.

In their study, Mantry et al. also designed nasal microspheres of ropinirole hydrochlo-
ride, but the method they used was emulsion solvent evaporation. Three different mucoad-
hesive polymers were experimented—chitosan, carbopol 974P and guar gum—individually
and in combinations. In all the developed formulations, a uniform size distribution was ob-
served. However, the particle size was found to range from 280 ± 3.15 µm to 535 ± 2.28 µm
and was considered inappropriate regarding the intended route of administration. The in-
crease in polymer concentration leads to an increase in the size of the microspheres. Experi-
ments were carried out with varying temperatures, stirring speeds, and polymer/emulsifier
concentrations. It was concluded that temperature plays a crucial role in microparticle
formation [52].

Quercetin, a flavonoid with neuroprotective function, has been studied as a poten-
tial drug for targeted brain delivery via the nasal route. Quercetin is characterized by
its low oral bioavailability due to limited aqueous solubility and excessive first-pass
metabolism [53]. In this case, the intranasal route is promising; however, nasal absorption
is seriously influenced by the physicochemical properties of the drug and the formulation.
As the volume of nasal fluids is limited, solubility is the major factor that affects the rate
and the extent of nasal drug absorption. Manta et al. achieved a 17–40-fold increase in
quercetin solubility via complexation with cyclodextrins (methyl-β-cyclodextrin, Me-β-
CD, and hydroxypropyl-β-cyclodextrin HB-β-CD). They prepared lyophilized powders
of Que-Me-β-CD and Que-HP-β-CD by freeze-drying and the results from dissolution
and permeability studies were quite promising, which provided the premise for successful
nose-to-brain delivery [54].

In a subsequent study, the research team blended Que-Me-CD and Que-HP-CD
lyophilizates in various ratios with mannitol/lecithin microparticles (MLMPs) to form
powders with improved morphological characteristics, as observed by X-ray diffractometry
and scanning electron microscopy. the in vitro characterization of these powders using
Franz diffusion cells revealed that the dissolution and permeation rate was from 17 to
48 times higher than that of quercetin. The ex vivo transport of powders through rab-
bit nasal mucosa was found more efficient compared to the pure drug. While MLMPs
were prepared by spray-drying, the powder mixtures of MLMPs with Que-Me-β-CD and
Que-HP-β-CD lyophilized powders were manually prepared in glass vials with a spatula
in different ratios. The authors hypothesized that the presence of MLMPs would allow
for easy handling of the powder, and a better positioning of the formulation in the nasal
cavity. These results are very promising and provide evidence for the effective intranasal
administration of the prepared quercetin formulations [55].

Rivastigmine was the focus of the work of Gao et al. [56], who produced mucoad-
hesive microspheres for nose-to-brain delivery in the treatment of Alzheimer’s disease.
Rivastigmine is a cholinesterase inhibitor used for mild to moderate forms of Alzheimer’s
disease [57]. As it struggles to cross the blood–brain barrier, its effects remain unsatisfactory.
The emulsion solvent evaporation technique was used for the preparation of microspheres.
The main evaluated variables were the concentration of the polymers (ethylcellulose and
chitosan), the concentration of the surfactant (polyvinyl alcohol), and the stirring rate,
which were critical factors for optimization of the microspheres. The surface of the micro-
spheres was modified with lectin using a carbodiimide activation reaction. Mucoadhesive
characteristics of the lectin microspheres were evaluated on goat nasal mucosa and showed
good adhesion properties. In vivo behavioral and biochemical studies showed superior
outcomes regarding memory retention for the lectin microspheres over plain microspheres.

In research carried out by Yarragudi et al. [58], tamarind seed polysaccharide (TSP),
known as tamarind gum, was investigated as a carrier, using nasal administration to target
the brain. TSP is a highly branched polysaccharide with a molecular weight of 720–880 kDa
and is obtained from the endosperm of Tamarindus indica seeds [59]. It is composed of a
β-(1,4)-D-glucan backbone with α-(1,6)-D-xylose branches that are partially substituted
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with β-(1,2)-D-galactose. TSP is uncharged under physiological conditions, and is therefore
less likely to cause nasal toxicity. The mucoadhesion of TSP, like other polysaccharides,
occurs due to interactions between the hydroxyl groups and mucin through hydrogen
bonds and van der Waals attraction. Yarragudi et al. formulated TSP microparticles
powder using a spray-drying technique with optimized conditions to produce 10 µm-sized
particles. FITC-dextrans (5–40 kDa) were used as model drugs, which were incorporated
in TSP microparticles. The size-dependent permeability of FITC-dextrans was observed
ex vivo using porcine nasal mucosa. The presented data suggest that 10-µm-sized TSP
microparticulate carriers have the potential to increase the residence time of drugs in the
nasal cavity, to control the extent of their release, and to aid in their transportation to
the brain.

5.2. Lipid-Based Microparticles

A study performed by Trotta et al. describes the potential application of resveratrol
in the treatment of neurodegenerative disorders via the nasal route of administration.
Resveratrol is a polyphenol, stilbenoid, natural compound, that is found in different
fruits, vegetables, and in red wine [60]. For central nervous system diseases, resveratrol
has been reported to be effective against neurologic disorders such as Alzheimer’s [61]
and Parkinson’s [62] diseases, brain ischemia [63,64] and epilepsy [65,66]. Resveratrol is
characterized by its limited chemical stability, poor aqueous solubility (ca. 3 mg/100 mL)
and high metabolism rate, which limit its bioavailability in vivo [67,68]. To circumvent this
drawbacks, different strategies have been developed, including the use of drug-delivery
systems such as liposomes, nano- and microparticles. In their work, Trotta et al. prepared
resveratrol-loaded lipid microparticles (LMPs) using the melt oil/water emulsification
technique, using a phase inversion procedure (aqueous phase poured into the molten
lipid) to avoid loss of both resveratrol and the excipient during the particles’ formation.
They also prepared LMPs coated with chitosan by adding the polymer solution to the
suspension of LMPs formed during the cooling phase of the emulsion. Furthermore,
a chitosan-coated LMP formulation loaded with resveratrol was prepared at a higher
polysaccharide concentration. Various lipids (tristearin, glyceryl behenate, and stearic acid)
in combination with phosphatidylcholine were evaluated as a surfactant. Pharmacokinetic
studies indicated that the intranasal administration of chitosan-coated LMPs loaded with
resveratrol produced a marked increase in the bioavailability of resveratrol in the CSF,
which is expected to greatly contribute to its neuroprotective effect in the treatment of
neurological disorders [69].

Table 1. Polymeric and lipid microparticles developed for nose-to-brain delivery in the treatment
of NDs.

Active Ingredient Polymer/Lipid Preparation Method Ref.

Polymeric microparticles

β-cyclodextrin,
Hydroxypropyl-β-cyclodextrin Chitosan, Alginate Spray-drying [39]

Deferoxamine mesylate Chitosan,
Methyl-β-cyclodextrin

Spray-drying,
Freeze-drying [49]

Ropinirole Alginate, Chitosan Spray-drying [50]

Ropinirole Carbopol 974P, Guar gum Solvent evaporation [52]

Quercetin Methyl-β-cyclodextrin,
Hydroxypropyl-β-cyclodextrin Freeze-drying [54]

Rivastigmine Ethylcellulose, Chitosan Emulsion solvent evaporation [56]

FITC-dextrans Tamarind seed polysaccharide Spray-drying [58]

Lipid microparticles

Resveratrol Tristearin, Glyceryl behenate, Stearic acid Melt oil/water
emulsification [69]
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6. Nanoparticles for Neurodegenerative Disorders

The great interest in nanoparticles as drug delivery systems is due to numerous
advantages such as targeted delivery of drug molecules, greater bioavailability, reduced risk
of side effects, etc. [70]. Nanoparticles can incorporate both hydrophilic and hydrophobic
drugs and can be used for a variety of administration routes. Inside the nasal cavity,
particulates can undertake different pathways according to their size. If the size ranges
between 10 and 300 nm, nanoparticles can deliver therapeutic agents through the olfactory
pathway directly to the brain, if the size is less than 200 nm, the delivery will occur
through clathrin-dependent endocytosis, and if it is in the range from 100 to 200 nm, the
transport will occur by caveolae-mediated endocytosis [71]. Certainly, the particle size of
the nanocarriers will play a crucial role in achieving brain targeting via the nasal route.
However, many other factors, such as carrier type, drug properties, mucoadhesion and
swelling capacity, would also be of great importance (Table 2).

6.1. Polymeric Nanoparticles

Polymer-based nanoparticles are colloidal systems made up of natural or synthetic
polymers. One of the key features of polymeric nanoparticles, besides their higher stability
in comparison to liposomes, is the variety of available polymers that can be used as carriers,
and the opportunity to modify their surface to impart desired characteristics (modulated
degradation rate, stimuli responsiveness, controlled drug release, etc.) [72]. Various APIs
have been encapsulated in polymeric nanoparticulate systems, with the aim of improving
their efficacy and stability and decreasing systemic toxicity. Bromocriptine (BRC) is an
ergoline derivative and dopamine agonist that is used to treat pituitary tumors, Parkinson’s
disease, hyperprolactinemia, and neuroleptic malignant syndrome. BRC has also been
reported to have antioxidant effects, inhibit free radical formation, and scavenge free
radicals [73]. BRC is characterized by its poor oral bioavailability and extensive first-pass
metabolism; in addition, its distribution in the brain is poor, with low concentrations at the
target site [74]. Md et al. prepared chitosan nanoparticles with BRC using the ionic gelation
method as an approach to increase brain-targeting efficiency following nasal administration.
These nanoparticles had a mean size of 161.3 ± 4.7 nm, which is considered optimal for
deposition on the olfactory region in the nasal cavity. The results of this study revealed an
increased brain uptake of BRC-loaded chitosan nanoparticles and improved antioxidant
effects of BRC following intranasal delivery [75].

Another research team developed ropinirole hydrochloride (RH)-loaded chitosan
nanoparticles using the same ionic gelation method. The size of the obtained particles was
found to range from 82 to 129 nm and the mean zeta potential was +32.7 ± 1.5 mV, which
demonstrated that the formulation showed satisfactory stability. Sustained drug release
profiles were achieved for up to 18 h. The concentrations of RH in the brain following
intranasal administration of the nanocarriers were found to be significantly higher at all
timepoints compared with RH solution. The developed formulation showed the superiority
of nose-to-brain RH delivery using mucoadhesive nanoparticles compared to other delivery
routes [76].

The same preparation method was used by Fazil et al. to formulate rivastigmine (RHT)-
loaded nanoparticles (CS-RHT NPs). Chitosan with tripolyphosphate (TPP) was used for
the ionic gelation procedure and nanoparticulate systems were fabricated, with improved
bioavailability and enhanced RHT uptake to the brain via the intranasal route. The mean
particle size varied from 143.1 ± 9.2 to 3300 ± 7.0 nm depending on the chitosan/TPP ratio
used. An in vitro drug-release study indicated a controlled and sustained release profile of
CS-RHT NPs over 24 h. A marked improvement in brain uptake of CS-RHT NP was clearly
observed following nasal administration [77].

A widely studied therapeutic target used in the treatment of Alzheimer’s disease
is galantamine (GAL)—a tertiary alkaloid and reversible, competitive inhibitor of the
acetylcholinesterase enzyme [78]. Nanaki et al. incorporated galantamine into hierarchical
porous carbon (HPC) because it improved the drug loading by up to 30%. Then, GAL-HPC
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was encapsulated in polymeric nanoparticles, such as poly (l-lactic acid) (PLLA) and poly
(lactide-coglycolide) (PLGA), to achieve control over drug release. Polymeric nanoparticles
containing HPC with adsorbed galantamine were prepared by a modified double emulsifi-
cation method of solid–oil–water (s/o/w). The nanoparticles were spherical in shape, with
a smooth surface and no agglomeration. The size of neat nanoparticles varied between 134
and 149 nm and showed low polydispersity index (PDI) values. For all prepared nanoparti-
cles, the zeta potential was negative and varied between −17 and −29 mV. In vivo studies
showed that the intranasally administered GAL that was encapsulated in PLGA-coated
carbon nanostructures was successfully delivered to the hippocampus just a few hours
after a single intranasal dose [79].

Meng et al. developed Huperzine A (HupA)-loaded mucoadhesive polylactide-co-
glycoside (PLGA) nanoparticles with surface modification by lactoferrin (Lf)-conjugated
N-trimethylated chitosan (TMC) (HupA Lf-TMC NPs) for efficient intranasal delivery
to the brain for AD treatment. Huperzine A is a naturally occurring sesquiterpene al-
kaloid [80]. It is a reversible inhibitor of acetylcholinesterase and improves memory in
behavioral animal models [81]. NPs were prepared using the emulsion solvent evaporation
method. The optimized NPs had a particle size of 153.2 ± 13.7 nm and zeta potential
of +35.6 ± 5.2 mV, and sustained in vitro release over a 48-h period. The Lf-TMC NPs
exhibited a longer residence time than nontargeted carriers and facilitated the distribution
of HupA in the brain. The authors envisage a broad application prospect for the carriers
for effective nose-to-brain delivery [82]. Chitosan nanoparticles were developed by Rassu
et al. using the ionotropic gelation technique, using sodium hexametaphosphate as a safe
cross-linker [83]. Genistein, a naturally occurring compound that structural belongs to a
class of compounds known as isoflavones, was used as a model drug. It exerts antioxidant
and neuroprotective effects [84]. Due to limited water solubility, excessive metabolism, and
low bioavailability, its therapeutic potential cannot be realized. Chitosan nanoparticles
were prepared and characterized for their potential for nose-to-brain delivery. The study
demonstrated improved genistein penetration in vitro through the nasal mucosa compared
to that with the neat drug. The absence of cytotoxicity with this carrier was confirmed in a
rat pheochromocytoma-derived cell line.

6.2. Lipid Nanoparticles

Lipid-based nanoparticles were thoroughly investigated as drug-delivery systems
and successfully entered the clinic for the delivery of small molecules. Lipid nanoparticles
safely and effectively deliver drug molecules, mainly due to their easy diffusion through
the nasal mucosa.

6.2.1. Solid Lipid Nanoparticles (SLNs)

Solid lipid nanoparticles are a class of nanocarriers that have important advantages,
such as the use of physiological lipids (e.g., solid lipid matrices composed of fats or waxes),
avoiding the use of organic solvents in their preparation, the protection of sensitive drugs
from the external environment (e.g., water), and the controlled release of drugs. Solid
lipid nanoparticles can also be sterically stabilized, for example, by coupling with stearic
acid-PEG 2000 conjugates. Sun et al. constructed a solid, lipid nanoparticle-based, in
situ gel type (PAE-SLNs-ISG) drug-delivery system loaded with paeonol. Paeonol is a
phenolic compound with neuroprotective functions, poor aqueous solubility and rapid
metabolism in vivo. It is commonly used in Chinese medicine for NDs, such as Alzheimer’s
disease. PAE-SLNs were prepared by high-temperature emulsification–low-temperature
curing combined with ultrasound. PAE-SLNs had a low level of cytotoxicity; FITC-SLNs
could be efficiently absorbed, and solid lipid nanoparticles had good cellular compatibility.
Furthermore, the study demonstrated the effective accumulation of the in situ gel in the
brain area after administration through the olfactory area, which proved to a be potentially
effective strategy to realize the brain region delivery of PAE [85].
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Rassu et al. proposed a novel delivery system for BACE1 siRNA, which was used for
the treatment of AD, by inclusion into chitosan-coated and uncoated solid lipid nanoparti-
cles. Due to its positive charge, chitosan ensures muco-adhesion and a prolonged residence
time of the carrier in the nasal cavity. RVG-9R, a peptide derived from the rabies virus,
was used to increase cell penetration, and promote transcellular transport into neuronal
cells [86].

Generally, low levels of dopamine have been linked to Parkinson’s disease (PD),
restless legs syndrome, and depression [87–89]. Dopamine (DA) depletion cannot be
exogenously balanced, since it does not pass the BBB due to its hydrophilicity and ionization
degree at the physiological pH [90]. Cometa et al. formulated solid lipid nanoparticles with
glycol chitosan (GCS) to enhance DA brain delivery. The carriers were prepared using the
melt-emulsification method. The study demonstrated that SLNs containing GCS and DA
were smaller than those containing DA-loaded SLN; they had a positive surface charge
and extremely high entrapment efficiency. The formulated nanocarriers showed promising
characteristics for nose-to-brain delivery of dopamine from physico-chemical aspect but
the authors claim that further research is needed to fully unleash their potential [91].

Another study [92] explored whether borneol can facilitate the delivery of solid lipid
nanoparticles to the brain after intranasal administration. Borneol (Bo) is a bicyclic monoter-
pene, which is well-known in Chinese medicine to target therapeutic molecules directly
to the brain [93]. The research group used Pueraria flavones (PTFs), which are known for
their positive effect in the treatment of cerebrovascular disorders, such as PD and AD [94].
As PTFs have difficulty reaching the brain, Bo-modified solid lipid nanoparticles with
PTF were developed using the emulsification evaporation–low temperature solidification
method for successful nose-to-brain delivery. PTFs were encapsulated in three different
types of SLNs: the first system contained with borneol and stearic acid (PTF-Bo-SA-SLN),
the second one without SA (PTF-Bo-SLN), and the third one with only the active compound
(PTF-SLN). SLNs had a mean size of 160 nm, which is considered optimal for targeted nasal
administration. It was found that the PTF-Bo-SA-SLN accumulated more efficaciously in
the rat brain, proving to be an excellent transport system. The same approach was studied
by Song et al. [95], and remarkable targeting function to the brain was demonstrated when
borneol was covalently bound to the SLN.

6.2.2. Nanostructured Lipid Carriers (NLCs)

Nanostructured lipid carriers (NLCs) represent a novel group of nanosized carri-
ers, which are composed of physiological and biocompatible lipids, surfactants, and co-
surfactants [96]. NLCs hold eminent potential in pharmaceutical science due to their key
attributes and extensive beneficial effects, such as an enhanced bioavailability and tar-
geting capacity. Moreover, NLCs can more strongly immobilize drugs and prevent the
particle from instability phenomena. NLCs also have advantages, including low toxicity,
biodegradation, drug protection, slow release, and the avoidance of organic solvents in
production [97].

As AD is considered a metabolic disorder with impaired insulin signaling in the
brain, antidiabetic drugs may be an option for AD treatment. Pioglitazone (PIO) is an
intensively studied antidiabetic drug for AD. It appears to cause severe peripheral adverse
effects [98], so the nasal route is appropriate to avoid these. Jojo et al. encapsulated PIO into
nanostructured lipid carriers, composed of tripalmitin, capmul MCM, and stearyl amine.
The optimized formulation had a particle size of 211.4 ± 3.54 nm and a zeta potential of
14.9 ± 1.09 mV. Storage stability studies confirmed stability at 4 ◦C and 25 ◦C. The in vitro
drug release study exhibited a sustained release of the model drug from the nano lipid
carriers. The formulation exhibited improved permeability of PIO across the nasal mucosa
ex vivo. Direct nose-to-brain drug transport was observed in vivo [99].

Another study demonstrated the production of lipid nanocarriers with high drug
loading despite the small particle size. A combination of hot solvent diffusion and phase
inversion technique was applied to obtain particles of ~20 nm in size, containing high
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loads of curcumin. Higher flux and permeation across porcine nasal mucosa in comparison
to free curcumin was observed. Moreover, toxicity studies were performed, revealing no
nasociliary damage and the intactness of the epithelial layer [100].

Nanostructured lipid carriers were developed by Rajput et al. for the nose-to-brain
delivery of resveratrol in Alzheimer’s disease. The lipid carriers were prepared by the melt
emulsification–probe sonication method, and further characterized in terms of particle size
(132 ± 11.90 nm), zeta potential (−23 ± 3.79 mV), drug loading (9.26 ± 3.79%), and entrap-
ment efficiency (74 ± 11.40%). The formulated lipid carriers were then incorporated into in
situ gel, which showed a fivefold higher permeation across the nasal mucosa compared to
resveratrol suspension. In vivo pharmacodynamic studies using a scopolamine-induced
amnesia model in rats demonstrated improved memory in rats treated with in situ gel
compared to orally administered resveratrol suspension [101].

Table 2. Polymeric and lipid nanoparticles developed for nose-to-brain delivery in the treatment
of NDs.

Active Ingredient Polymer/Lipid Preparation Method Ref.

Polymeric nanoparticles

Bromocriptine Chitosan Ionic gelation [75]

Ropinirole Chitosan Ionic gelation [76]

Rivastigmine Chitosan Ionic gelation [77]

Galantamine Poly (lactic acid),
Poly (lactide-co-glycolide)

Double emulsification
of solid-oil-water (s/o/w) [79]

Huperzine A Poly (lactide-co-glycolide) Emulsion
solvent evaporation [82]

Genistein Chitosan Ionic gelation [83]

Lipid nanoparticles

Paenol Soyabean lecithin High temperature emulsification/
low-temperature curing [85]

BACE1 (siRNA) Solid triglycerides Emulsion solvent evaporation [86]

Dopamine Gelucire® 50/13 Melt emulsification [91]

Pueraria flavones Borneol, stearic acid Emulsion solvent evaporation [92]

Pioglitazone Tripalmitin, MCM,
Stearyl amine Microemulsification [99]

7. Composites for Neurodegenerative Disorders

Polymer nanocomposites (PNCs) are a new class of reinforced materials that are
formed by the dispersion of nanoscale particles throughout a polymer matrix. Nanocom-
posites consist of a polymer matrix embedded with nanoparticles to improve a particular
property of the material [102]. Researchers span the range from the synthesis of basic struc-
tures (such as micro- and nanoparticles functionalized with molecules, simple biomolecules,
or polymers) to more complex structures. The main approach initially focused on the con-
trol of shape, size, and surface charges, and then on modulating the topology of their
chemical composition. At present, many biocompatible and biodegradable polymers have
been experimentally and/or clinically investigated for the preparation of polymer-based
composites as drug carriers [103]. By designing a composite structure, specific physico-
chemical and mechanical properties may be obtained. The resulting material may show a
combination of its components’ best properties, as well as interesting features that single
constituents often do not possess [104]. Examples of polymer micro- and nanoparticulate
carriers’ applications for drug delivery in Alzheimer’s and Parkinson’s disease models are
quite numerous, and they can take advantage of a relatively large number of materials that
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are biodegradable and suitable for particulate synthesis, including polylactide-co-glycolide
(PLGA), polylactic acid (PLA), chitosan (CS), gelatin, polycaprolactone, and polyalkyl
cyanoacrylates [105]. Polymeric composites might help to ameliorate the quantity and
kinetic release profile of potential and existing Alzheimer’s and Parkinson’s disease drugs.
The composite structure should be able, after intranasal application, to stably adhere to
outer nasal olfactory epithelium to promote the release of nanoparticles loaded with active
molecules. Nanoparticles should then be able to cross the epithelium and migrate to the
nervous cells that comprise the olfactory nerve and project to the olfactory bulbs [13–16].
It is worth noting that the polymeric composite, after residing for a sufficient time to
release its nanoparticles, should be degraded and eliminated without discomfort for the
patient [106]. At present, composite structures seem to be promising drug-carriers, with
numerous advantages over conventional forms, but we still need to deepen our knowledge
of their properties and the peculiar features that the resulting nanocomposites are able to
gain upon their carefully arranged mixture (Table 3).

Table 3. Advantages and disadvantages related to polymeric composites.

Advantages Disadvantages

• Biocompatible and biodegradable structures (biodegradable polymers such
as PLGA, PLA, CS, gelatin, etc., are used for the preparation of
composite structures).

• Targeted delivery (specifying the drug moiety directly into its effector site).
• Reduced adverse effects due to minimized systemic distribution.
• Mucoadhesive polymers reside for a sufficient time in the nasal cavity to

release its nanoparticles.
• Precise control of structural characteristics.
• Adjustable surface modification and improved sustained release.
• Appropriate carrier for both lipophilic and hydrophilic drug molecules.
• Enhanced encapsulation efficiency.
• Isolation of drug molecules from the surrounding environment.
• Opportunity for improved gene (Si-RNA) delivery.
• Simultaneous use of two different drug moieties and multiple

molecular targets.

• Limited number of nanoparticles can be
embedded into polymeric matrix primary
because this may lead to a clustering
effect (poor drug encapsulation).

• Self-aggregation may impact
brain delivery.

• Possible unknown effects of
nanomaterials on cell physiology.

• Potential cytotoxicity of some structures
due to the low biodegradation and
absorption of some materials.

• Bioaccumulation due to low rate of
degradation; metabolism and elimination
vary with the different types of materials
used in synthesis.

Splinder et al. produced various-sized batches of PLGA nanoparticles, which were
further encapsulated into a chitosan matrix to produce Nano-in-Micro particles (NiMP).
The research group explored the nanoparticles’ size–time-dependent uptake mechanism
into the lamina propria of porcine olfactory mucosa. Intracellular uptake was observed for
the nanoparticles within 5 min of application to the epithelium. After 15 min, even larger
nanoparticles associated with nuclei and neuronal fibers, suggesting effective transcellular
transport within the olfactory epithelium and intracellular uptake into neuronal cells and
successful delivery to the brain [107].

A recent study carried out by Dimiou et al. demonstrated the development of
levodopa-loaded nanoparticles for nose-to-brain delivery [108]. Levodopa (L-DOPA) is the
“gold standard” therapy for Parkinson’s disease. L-DOPA crosses the BBB to some extent,
reaching the CNS, where it is converted to dopamine and provides robust relief from the
motor signs and symptoms of PD [105]. However, L-DOPA has low oral bioavailability
(30%) and undergoes extensive metabolism in the peripheral circulation [109]. Dimiou et al.
developed a stable (for at least 5 months), 300-nm levodopa nanoparticulate formulation
via encapsulation within N-palmitoyl-N-monomethyl-N, N-dimethyl-N, N, N-trimethyl-6-
O-glycolchitosan (GCPQ). GCPQ-L-DOPA nanoparticles were then lyophilized overnight
using sucrose as a cryoprotectant. The nanoparticles produced had a 260–280 nm size and a
high positive surface charge of 40.5 mV. Steadily increasing levels of DA were achieved after
nasal application of the formulation, suggesting direct nose-to-brain delivery. However,
due to the pharmacokinetic characteristics of L-DOPA, indirect delivery (nasal cavity–blood
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circulation–brain) should not be excluded. Dimou et al. also developed GCPQ-L-DOPA
nano-in-microparticles’ formulation by spray-drying. The spray-dryer settings were op-
timized to increase the yield of the recovered GCPQ-L-DOPA microparticles. The nasal
administration of GCPQ-L-DOPA nano-in-microparticles formulation in rats leads to en-
hanced drug retention in the nasal cavity and effective delivery in the brain tissue, avoiding
systemic side effects and allowing for the safe and effective treatment of PD.

Neuroinflammation in neurodegenerative disorders provides an opportunity for non-
steroidal and anti-inflammatory drugs to be used as preventive therapeutic agents. Nasal
administration enables direct access to the CNS and limits peripheral side effects. Tiozzo
et al. examined the insufflation, deposition, dissolution, transmucosal permeation, and
in vivo transport to the rat brain of flurbiprofen from nasal powders [110,111]. Flurbiprofen
is a chiral, non-steroidal, anti-inflammatory drug (NSAID) of the 2-arylpropionic acid
class. Flurbiprofen microparticulate powders were prepared for nasal administration by
spray-drying the sodium flurbiprofen solution. The liquid feed was prepared by adding
NaOH 1 M to a suspension of flurbiprofen in water (2% w/v) until the drug was completely
dissolved (final pH 7.40 ± 0.01). Soft pellets were prepared by spray-drying excipient
microparticles of mannitol and lecithin (ratio 92:8 w/w). Soft pellets were then prepared
as follows: spray-dried drug microparticles were manually and accurately mixed with
spray-dried mannitol/lecithin microparticles (mass ratio 1:1). After its homogeneous drug
content, the microparticle mixture was tumbled. The obtained agglomerated powder was
manually sieved through a 500-µm sieve and collected on top of a 106-µm sieve. The
soft pellets used for in vivo administration had a size in the range 106–500 µm. the nasal
insufflation of flurbiprofen sodium powders in the form of microparticles or soft pellets
constructed with excipient microparticles revealed a direct drug transport to the brain from
the olfactory region.

8. Future Perspectives

Particulate carriers have been reported to be effective for drug delivery via various
administration routes. In the literature, many studies show that nose-to-brain delivery
poses vast opportunities for targeting the brain tissue in the treatment of different CNS
disorders. The delivery of drugs through the olfactory and trigeminal nerve pathways
circumvents the BBB and other drawbacks associated with oral administration, such as
first-pass metabolism or enzyme degradation. Thus, brain bioavailability is increased,
systemic exposure is minimized, and systemic side effects are substantially reduced. Novel
strategies, such as using micro- and nanosized drug carriers, have been widely explored
to overcome the limitations of the nasal route of administration. These drug-delivery
systems protect the drug from environmental factors, prolong the residence time, enhance
drug permeability through the nasal mucosa, increase drug bioavailability, and improve
therapeutic efficacy.

Regarding the treatment of neurodegenerative disorders, the number of potential
biomolecules such as RNA, proteins, peptides, and monoclonal antibodies, is constantly
increasing. However, their therapeutic potential is hindered by numerous limitations
associated with key physicochemical and pharmacokinetic characteristics. Nose-to-brain
delivery appears to be a feasible approach for the direct transport of complex biomolecules
from the nasal cavity to the brain. The optimization of physicochemical properties of the
drug carriers would be of key importance in this research area. Another perspective is
modification of the carriers with cell-penetrating peptides or targeting ligands to improve
their efficacy. The use of customized multi-targeted strategies would probably be the
main focus of future research to ensure a personalized therapeutic approach. Hopefully,
novel technologies that involve the use of the nose-to-brain path will allow for more novel
delivery systems to enter the clinical development phase and be translated into clinical
practice.
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9. Conclusions

This review article summarized the novel approaches based on polymer and lipid-
based micro- and nanosized carriers to target the brain through the nasal cavity and
their relevance in the treatment of neurodegenerative disorders, such as Alzheimer’s and
Parkinson’s disease. As demonstrated by multiple studies, the excipients play a crucial role
in the design of particulate formulations for nose-to-brain delivery. The promising results
obtained in these studies regarding the brain bioavailability of various drugs after nasal
administration give us reason to believe that new therapeutic opportunities will emerge
before neurodegenerative disorders.
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16. Erdő, F.; Bors, L.A.; Farkas, D.; Bajza, Á.; Gizurarson, S. Evaluation of intranasal delivery route of drug administration for brain
targeting. Brain Res. Bull. 2018, 143, 155–170. [CrossRef]

17. Crowe, T.P.; Greenlee, M.H.W.; Kanthasamy, A.G.; Hsu, W.H. Mechanism of intranasal drug delivery directly to the brain. Life Sci.
2018, 195, 44–52. [CrossRef]

18. Crowe, T.P.; Hsu, W.H. Evaluation of Recent Intranasal Drug Delivery Systems to the Central Nervous System. Pharmaceutics
2022, 14, 629. [CrossRef]

19. Fortuna, A.; Alves, G.; Serralheiro, A.; Sousa, J.; Falcão, A. Intranasal delivery of systemic-acting drugs: Small-molecules and
biomacromolecules. Eur. J. Pharm. Biopharm. 2014, 88, 8–27. [CrossRef]

20. Dahlin, M.; Jansson, B.; Björk, E. Levels of dopamine in blood and brain following nasal administration to rats. Eur. J. Pharm. Sci.
2001, 14, 75–80. [CrossRef]

21. Born, J.; Lange, T.; Kern, W.; McGregor, G.P.; Bickel, U.; Fehm, H.L. Sniffing neuropeptides: A transnasal approach to the human
brain. Nat. Neurosci. 2002, 5, 514–516. [CrossRef]

22. Craft, S.; Baker, L.D.; Montine, T.J.; Minoshima, S.; Watson, G.S.; Claxton, A.; Arbuckle, M.; Callaghan, M.; Tsai, E.; Plymate, S.R.;
et al. Intranasal insulin therapy for Alzheimer disease and amnestic mild cognitive impairment: A pilot clinical trial. Arch. Neurol.
2012, 69, 29–38. [CrossRef]

23. Patel, H.; Chaudhari, P.; Gandhi, P.; Desai, B.; Desai, D.; Dedhiya, P.; Vyas, B.; Maulvi, F. Nose to brain delivery of tailored
clozapine nanosuspension stabilized using (+)-alpha-tocopherol polyethylene glycol 1000 succinate: Optimization and in vivo
pharmacokinetic studies. Int. J. Pharm. 2021, 600, 120474. [CrossRef] [PubMed]

24. Vyas, T.K.; Babbar, A.K.; Sharma, R.K.; Singh, S.; Misra, A. Intranasal Mucoadhesive Microemulsions of Clonazepam: Preliminary
Studies on Brain Targeting. J. Pharm. Sci. 2006, 95, 570–580. [CrossRef] [PubMed]

25. Vyas, T.K.; Babbar, A.K.; Sharma, R.K.; Singh, S.; Misra, A. Preliminary Brain-targeting Studies on Intranasal Mucoadhesive
Microemulsions of Sumatriptan. AAPS PharmSciTech 2006, 7, E49–E57. [CrossRef] [PubMed]

26. Jayachandra Babu, R.; Dayal, P.; Pawar, K.; Singh, M. Nose-to-brain transport of melatonin from polymer gel suspensions: A
microdialysis study in rats. J. Drug Target 2011, 19, 731–740. [CrossRef] [PubMed]

27. Maiti, S.; Sen, K.K. Introductory Chapter: Drug Delivery Concepts. In Advanced Technology for Delivering Therapeutics; Maiti, S.K.,
Sen, K.K., Eds.; IntechOpen: London, UK, 2017.

28. Rassu, G.; Soddu, E.; Cossu, M.; Gavini, E.; Giunchedi, P.; Dalpiaz, A. Particulate formulations based on chitosan for nose-to-brain
delivery of drugs. J. Drug Deliv. Sci. Technol. 2016, 32, 77–87. [CrossRef]

29. Dalpiaz, A.; Gavini, E.; Colombo, G.; Russo, P.; Bortolotti, F.; Ferraro, L.; Tanganelli, S.; Scatturin, A.; Menegatti, E.; Giunchedi, P.
Brain uptake of an anti-ischemic agent by nasal administration of microparticles. J. Pharm. Sci. 2008, 97, 4889–4903. [CrossRef]

30. Warnken, Z.; Smyth, H.; Watts, A.; Weitman, S.; Kuhn, J.; Williams, R. Formulation and device design to increase nose to brain
drug delivery. J. Drug Deliv. Sci. Technol. 2016, 35, 213–222. [CrossRef]

31. Djupesland, G.; Messina, J.; Mahmoud, R. The nasal approach to delivering treatment for brain diseases: An anatomic, physiologic,
and delivery technology overview. Ther. Deliv. 2014, 5, 709–733. [CrossRef]

32. Yang, L.; Alexandridis, P. Physicochemical aspects of drug delivery and release from polymer-based colloids. Curr. Opin. Colloid
Interface Sci. 2000, 5, 132–143. [CrossRef]

33. Lengyel, M.; Kállai-Szabó, N.; Antal, V.; Laki, A.J.; Antal, I. Microparticles, Microspheres, and Microcapsules for Advanced Drug
Delivery. Sci. Pharm. 2019, 87, 20. [CrossRef]

34. Siepmann, J.; Siepmann, F. Microparticles Used as Drug Delivery Systems. In Smart Colloidal Materials; Richtering, W., Ed.;
Springer: Berlin/Heidelberg, Germany, 2006; Volume 133, pp. 15–21.

35. Coelho, J.; Ferreira, P.; Alves, P.; Cordeiro, R.; Fonseca, A.; Góis, J.; Gil, M. Drug delivery systems: Advanced technologies
potentially applicable in personalized treatments. EPMA J. 2010, 1, 164–209. [CrossRef] [PubMed]

36. Maaz, A.; Blagbrough, I.S.; De Bank, P.A. In Vitro Evaluation of Nasal Aerosol Depositions: An Insight for Direct Nose to Brain
Drug Delivery. Pharmaceutics 2021, 13, 1079. [CrossRef] [PubMed]

37. Cheng, Y.S. Mechanisms of pharmaceutical aerosol deposition in the respiratory tract. AAPS PharmSciTech 2014, 15, 630–640.
[CrossRef]

38. Ugwoke, M.I.; Agu, R.U.; Verbeke, N.; Kinget, R. Nasal mucoadhesive drug delivery: Background, applications, trends and
future perspectives. Adv. Drug Deliv. Rev. 2005, 57, 1640–1665. [CrossRef]

39. Gavini, E.; Rassu, G.; Haukvik, T.; Lanni, C.; Racchi, M.; Giunchedi, P. Mucoadhesive microspheres for nasal administration of
cyclodextrins. J. Drug Target 2009, 17, 168–179. [CrossRef] [PubMed]

40. Onukwufor, J.O.; Dirksen, R.T.; Wojtovich, A.P. Iron Dysregulation in Mitochondrial Dysfunction and Alzheimer’s Disease.
Antioxidants 2022, 11, 692. [CrossRef]

41. Peng, Y.; Chang, X.; Lang, M. Iron Homeostasis Disorder and Alzheimer’s Disease. Int. J. Mol. Sci. 2021, 22, 12442. [CrossRef]
42. Reinert, A.; Morawski, M.; Seeger, J.; Arendt, T.; Reinert, T. Iron concentrations in neurons and glial cells with estimates on ferritin

concentrations. BMC Neurosci. 2019, 20, 25. [CrossRef]
43. Ndayisaba, A.; Kaindlstorfer, C.; Wenning, G.K. Iron in Neurodegeneration–Cause or Consequence? Front. Neurosci. 2019, 13, 180.

[CrossRef]
44. Rockfield, S.; Chhabra, R.; Robertson, M.; Rehman, N.; Bisht, R.; Nanjundan, M. Links Between Iron and Lipids: Implications in

Some Major Human Diseases. Pharmaceuticals 2018, 11, 113. [CrossRef]

http://doi.org/10.1016/j.brainresbull.2018.10.009
http://doi.org/10.1016/j.lfs.2017.12.025
http://doi.org/10.3390/pharmaceutics14030629
http://doi.org/10.1016/j.ejpb.2014.03.004
http://doi.org/10.1016/S0928-0987(01)00151-8
http://doi.org/10.1038/nn0602-849
http://doi.org/10.1001/archneurol.2011.233
http://doi.org/10.1016/j.ijpharm.2021.120474
http://www.ncbi.nlm.nih.gov/pubmed/33737093
http://doi.org/10.1002/jps.20480
http://www.ncbi.nlm.nih.gov/pubmed/16419051
http://doi.org/10.1208/pt070108
http://www.ncbi.nlm.nih.gov/pubmed/16584167
http://doi.org/10.3109/1061186X.2011.558090
http://www.ncbi.nlm.nih.gov/pubmed/21428693
http://doi.org/10.1016/j.jddst.2015.05.002
http://doi.org/10.1002/jps.21335
http://doi.org/10.1016/j.jddst.2016.05.003
http://doi.org/10.4155/tde.14.41
http://doi.org/10.1016/S1359-0294(00)00046-7
http://doi.org/10.3390/scipharm87030020
http://doi.org/10.1007/s13167-010-0001-x
http://www.ncbi.nlm.nih.gov/pubmed/23199049
http://doi.org/10.3390/pharmaceutics13071079
http://www.ncbi.nlm.nih.gov/pubmed/34371770
http://doi.org/10.1208/s12249-014-0092-0
http://doi.org/10.1016/j.addr.2005.07.009
http://doi.org/10.1080/10611860802556842
http://www.ncbi.nlm.nih.gov/pubmed/18985506
http://doi.org/10.3390/antiox11040692
http://doi.org/10.3390/ijms222212442
http://doi.org/10.1186/s12868-019-0507-7
http://doi.org/10.3389/fnins.2019.00180
http://doi.org/10.3390/ph11040113


Biomedicines 2022, 10, 1706 16 of 18

45. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.; Cantley, A.M.; Yang,
W.S.; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012, 149, 1060–1072. [CrossRef] [PubMed]

46. Nuñez, M.T.; Chana-Cuevas, P. New Perspectives in Iron Chelation Therapy for the Treatment of Neurodegenerative Diseases.
Pharmaceuticals 2018, 11, 109. [CrossRef] [PubMed]

47. Angeli, J.P.F.; Shah, R.; Pratt, D.A.; Conrad, M. Ferroptosis inhibition: Mechanisms and opportunities. Trends Pharmacol. Sci. 2017,
38, 489–498. [CrossRef] [PubMed]

48. Kosyakovsky, J.; Fine, J.M.; Frey, W.H.; Hanson, L.R. Mechanisms of Intranasal Deferoxamine in Neurodegenerative and
Neurovascular Disease. Pharmaceuticals 2021, 14, 95. [CrossRef]

49. Rassu, G.; Soddu, E.; Cossu, M.; Brundu, A.; Cerri, G.; Marchetti, N.; Ferraro, L.; Regan, R.F.; Giunchedi, P.; Gavini, E.; et al. Solid
microparticles based on chitosan or methyl-β-cyclodextrin: A first formulative approach to increase the nose-to-brain transport
of deferoxamine mesylate. J. Control Release 2015, 201, 68–77. [CrossRef]

50. Hussein, N.; Omer, H.; Ismael, A.; Albed Alhnan, M.; Elhissi, A.; Ahmed, W. Spray-dried alginate microparticles for potential
intranasal delivery of ropinirole hydrochloride: Development, characterization and histopathological evaluation. Pharm. Dev.
Technol. 2020, 25, 290–299. [CrossRef]

51. Pahwa, R.; Lyons, K.E.; Hauser, R.A. Ropinirole therapy for Parkinson’s disease. Expert Rev. Neurother. 2004, 4, 581–588. [CrossRef]
52. Mantry, S.; Balaji, A. Formulation design and characterization of ropinirole hydrochoride microsphere for intranasal delivery.

Asian J. Pharm. Clin. Res. 2017, 10, 195–203. [CrossRef]
53. Batiha, G.E.-S.; Beshbishy, A.M.; Ikram, M.; Mulla, Z.S.; El-Hack, M.E.A.; Taha, A.E.; Algammal, A.M.; Elewa, Y.H.A. The

Pharmacological Activity, Biochemical Properties, and Pharmacokinetics of the Major Natural Polyphenolic Flavonoid: Quercetin.
Foods 2020, 9, 374. [CrossRef]

54. Manta, K.; Papakyriakopoulou, P.; Chountoulesi, M.; Diamantis, D.; Spaneas, D.; Vakali, V.; Naziris, N.; Chatziathanasiadou, M.V.;
Andreadelis, I.; Moschovou, K.; et al. Preparation and biophysical characterization of inclusion complexes with β-cyclodextrin
derivatives for the preparation of possible nose-to-brain Quercetin delivery systems. Mol. Pharmaceut. 2020, 17, 4241–4255.
[CrossRef]

55. Papakyriakopoulou, P.; Manta, K.; Kostantini, C.; Kikionis, S.; Banella, S.; Ioannou, E.; Christodoulou, E.; Rekkas, D.M.; Dallas, P.;
Vertzoni, M.; et al. Nasal powders of quercetin-β-cyclodextrin derivatives complexes with mannitol/lecithin microparticles for
Nose-to-Brain delivery: In vitro and ex vivo evaluation. Int. J. Pharm. 2021, 607, 121016. [CrossRef] [PubMed]

56. Gao, Y.; Almalki, W.H.; Afzal, O.; Panda, S.K.; Kazmi, I.; Alrobaian, M.; Katouah, H.A.; Altamimi, A.S.A.; Al-Abbasi, F.A.;
Alshehri, S.; et al. Systematic development of lectin conjugated microspheres for nose-to-brain delivery of rivastigmine for the
treatment of Alzheimer’s disease. Biomed. Pharmacother. 2021, 141, 111829. [CrossRef] [PubMed]

57. Khoury, R.; Rajamanickam, J.; Grossberg, G.T. An update on the safety of current therapies for Alzheimer’s disease: Focus on
rivastigmine. Ther. Adv. Drug Saf. 2018, 9, 171–178. [CrossRef]

58. Yarragudi, S.B.; Richter, R.; Lee, H.; Walker, G.F.; Clarkson, A.N.; Kumar, H.; Rizwan, S.B. Formulation of olfactory-targeted
microparticles with tamarind seed polysaccharide to improve the transport of drugs. Carbohydr. Polym. 2017, 163, 216–226.
[CrossRef] [PubMed]

59. Chawananorasest, K.; Saengtongdee, P.; Kaemchantuek, P. Extraction and Characterization of Tamarind (Tamarind indica L.) Seed
Polysaccharides (TSP) from Three Difference Sources. Molecules 2016, 21, 775. [CrossRef] [PubMed]

60. Salehi, B.; Mishra, A.P.; Nigam, M.; Sener, B.; Kilic, M.; Sharifi-Rad, M.; Fokou, P.V.T.; Martins, N.; Sharifi-Rad, J. Resveratrol: A
Double-Edged Sword in Health Benefits. Biomedicines 2018, 6, 91. [CrossRef]

61. Kou, X.; Chen, N. Resveratrol as a Natural Autophagy Regulator for Prevention and Treatment of Alzheimer’s Disease. Nutrients
2017, 9, 927. [CrossRef]

62. Kung, H.-C.; Lin, K.-J.; Kung, C.-T.; Lin, T.-K. Oxidative Stress, Mitochondrial Dysfunction, and Neuroprotection of Polyphenols
with Respect to Resveratrol in Parkinson’s Disease. Biomedicines 2021, 9, 918. [CrossRef]

63. Machado, N.D.; Armas, G.V.; Fernández, M.A.; Grijalvo, S.; Díaz Díaz, D. Neuroprotective Effects of Resveratrol in Ischemic
Brain Injury. NeuroSci 2021, 2, 305–319. [CrossRef]

64. Faggi, L.; Pignataro, G.; Parrella, E.; Porrini, V.; Vinciguerra, A.; Cepparulo, P.; Cuomo, O.; Lanzillotta, A.; Mota, M.; Benarese, M.;
et al. Synergistic Association of Valproate and Resveratrol Reduces Brain Injury in Ischemic Stroke. Int. J. Mol. Sci. 2018, 19, 172.
[CrossRef]

65. Chuang, Y.-C.; Chen, S.-D.; Hsu, C.-Y.; Chen, S.-F.; Chen, N.-C.; Jou, S.-B. Resveratrol Promotes Mitochondrial Biogenesis and
Protects against Seizure-Induced Neuronal Cell Damage in the Hippocampus Following Status Epilepticus by Activation of the
PGC-1α Signaling Pathway. Int. J. Mol. Sci. 2019, 20, 998. [CrossRef] [PubMed]

66. Zamora-Bello, I.; Rivadeneyra-Domínguez, E.; Rodríguez-Landa, J.F. Anticonvulsant Effect of Turmeric and Resveratrol in
Lithium/Pilocarpine-Induced Status Epilepticus in Wistar Rats. Molecules 2022, 27, 3835. [CrossRef] [PubMed]

67. Gambini, J.; Ingles, M.; Olaso, G.; Lopez-Grueso, R.; Bonet-Costa, V.; Gimeno-Mallench, L.; Mas-Bargues, C.; Abdelaziz, K.M.;
Gomez-Cabrera, M.C.; Vina, J.; et al. Properties of resveratrol: In vitro and in vivo studies about metabolism, bioavailability, and
biological effects in animal models and humans. Oxid. Med. Cell. Longev. 2015, 2015, 837042. [CrossRef]

68. Ramírez-Garza, S.L.; Laveriano-Santos, E.P.; Marhuenda-Muñoz, M.; Storniolo, C.E.; Tresserra-Rimbau, A.; Vallverdú-Queralt,
A.; Lamuela-Raventós, R.M. Health Effects of Resveratrol: Results from Human Intervention Trials. Nutrients 2018, 10, 1892.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2012.03.042
http://www.ncbi.nlm.nih.gov/pubmed/22632970
http://doi.org/10.3390/ph11040109
http://www.ncbi.nlm.nih.gov/pubmed/30347635
http://doi.org/10.1016/j.tips.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28363764
http://doi.org/10.3390/ph14020095
http://doi.org/10.1016/j.jconrel.2015.01.025
http://doi.org/10.1080/10837450.2019.1567762
http://doi.org/10.1586/14737175.4.4.581
http://doi.org/10.22159/ajpcr.2017.v10i7.18475
http://doi.org/10.3390/foods9030374
http://doi.org/10.1021/acs.molpharmaceut.0c00672
http://doi.org/10.1016/j.ijpharm.2021.121016
http://www.ncbi.nlm.nih.gov/pubmed/34411652
http://doi.org/10.1016/j.biopha.2021.111829
http://www.ncbi.nlm.nih.gov/pubmed/34147904
http://doi.org/10.1177/2042098617750555
http://doi.org/10.1016/j.carbpol.2017.01.044
http://www.ncbi.nlm.nih.gov/pubmed/28267500
http://doi.org/10.3390/molecules21060775
http://www.ncbi.nlm.nih.gov/pubmed/27314322
http://doi.org/10.3390/biomedicines6030091
http://doi.org/10.3390/nu9090927
http://doi.org/10.3390/biomedicines9080918
http://doi.org/10.3390/neurosci2030022
http://doi.org/10.3390/ijms19010172
http://doi.org/10.3390/ijms20040998
http://www.ncbi.nlm.nih.gov/pubmed/30823590
http://doi.org/10.3390/molecules27123835
http://www.ncbi.nlm.nih.gov/pubmed/35744955
http://doi.org/10.1155/2015/837042
http://doi.org/10.3390/nu10121892
http://www.ncbi.nlm.nih.gov/pubmed/30513922


Biomedicines 2022, 10, 1706 17 of 18

69. Trotta, V.; Pavan, B.; Ferraro, L.; Beggiato, S.; Traini, D.; Des Reis, L.G.; Scalia, S.; Dalpiaz, A. Brain targeting of resveratrol by
nasal administration of chitosan-coated lipid microparticles. Eur. J. Pharm. Biopharm. 2018, 127, 250–259. [CrossRef]

70. Ong, W.-Y.; Shalini, S.-M.; Constantino, L. Nose-to-Brain Drug Delivery by Nanoparticles in the Treatment of Neurological
Disorders. Curr. Med. Chem. 2014, 21, 4247–4256. [CrossRef]

71. Khan, A.R.; Liu, M.; Khan, M.W.; Zhai, G. Progress in brain targeting drug delivery system by nasal route. J. Control Release. 2017,
268, 364–389. [CrossRef]

72. Gagliardi, A.; Giuliano, E.; Venkateswararao, E.; Fresta, M.; Bulotta, S.; Awasthi, V.; Cosco, D. Biodegradable Polymeric
Nanoparticles for Drug Delivery to Solid Tumors. Front. Pharmacol. 2021, 12, 601626. [CrossRef]

73. Lim, J.H.; Kim, S.S.; Boo, D.H.; No, H.; Kang, B.Y.; Kim, E.M.; Hwang, O.; Choi, H.J. Protective effect of bromocriptine against
BH4-induced Cath.a cell death involving up-regulation of antioxidant enzymes. Neurosci. Lett. 2009, 451, 185–189. [CrossRef]

74. Atsumi, M.; Kawakami, J.; Sugiyama, E.; Kotaki, H.; Sawada, Y.; Sato, H.; Yamada, Y.; Iga, T. Pharmacokinetic and pharmacody-
namic analyses, based on dopamine D2-receptor occupancy of bromocriptine, of bromocriptine-induced contralateral rotations in
unilaterally 6-OHDA-lesioned rats. Synapse 2003, 50, 110–116. [CrossRef]

75. Md, S.; Khan, R.A.; Mustafa, G.; Chuttani, K.; Baboota, S.; Sahni, J.K.; Ali, J. Bromocriptine-loaded chitosan nanoparticles intended
for direct nose to brain delivery: Pharmacodynamic, pharmacokinetic and scintigraphy study in mouse model. Eur. J. Pharm. Sci.
2013, 48, 393–405. [CrossRef] [PubMed]

76. Jafarieh, O.; Md, S.; Ali, M.; Baboota, S.; Sahni, J.K.; Kumari, B.; Bhatnagar, A.; Ali, J. Design, characterization, and evaluation
of intranasal delivery of ropinirole-loaded mucoadhesive nanoparticles for brain targeting. Drug Dev. Ind. Pharm. 2015, 41,
1674–1681. [CrossRef] [PubMed]

77. Fazil, M.; Md, S.; Haque, S.; Kumar, M.; Baboota, S.; Sahni, J.K.; Ali, J. Development and evaluation of rivastigmine loaded
chitosan nanoparticles for brain targeting. Eur. J. Pharm. Sci. 2012, 47, 6–15. [CrossRef] [PubMed]

78. Scott, L.J.; Goa, K.L. Galantamine: A review of its use in Alzheimer’s disease. Drugs 2000, 60, 1095–1122. [CrossRef]
79. Nanaki, S.G.; Spyrou, K.; Bekiari, C.; Veneti, P.; Baroud, T.N.; Karouta, N.; Grivas, I.; Papadopoulos, G.C.; Gournis, D.; Bikiaris,

D.N. Hierarchical Porous Carbon—PLLA and PLGA Hybrid Nanoparticles for Intranasal Delivery of Galantamine for Alzheimer’s
Disease Therapy. Pharmaceutics 2020, 12, 227. [CrossRef]

80. Friedli, M.; Inestrosa, N.C. Huperzine A and Its Neuroprotective Molecular Signaling in Alzheimer’s Disease. Molecules 2021, 26,
6531. [CrossRef]

81. Ha, G.T.; Wong, R.K.; Zhang, Y. Huperzine a as potential treatment of Alzheimer’s disease: An assessment on chemistry,
pharmacology, and clinical studies. Chem. Biodivers. 2011, 8, 1189–1204. [CrossRef]

82. Meng, Q.; Wang, A.; Hua, H.; Jiang, Y.; Wang, Y.; Mu, H.; Wu, Z.; Sun, K. Intranasal delivery of Huperzine A to the brain using
lactoferrin-conjugated N-trimethylated chitosan surface-modified PLGA nanoparticles for treatment of Alzheimer’s disease. Int.
J. Nanomed. 2018, 13, 705–718. [CrossRef]

83. Rassu, G.; Porcu, E.P.; Fancello, S.; Obinu, A.; Senes, N.; Galleri, G.; Migheli, R.; Gavini, E.; Giunchedi, P. Intranasal delivery of
genistein-loaded nanoparticles as a potential preventive system against neurodegenerative disorders. Pharmaceutics 2019, 11, 8.
[CrossRef]

84. Park, Y.-J.; Ko, J.W.; Jeon, S.; Kwon, Y.H. Protective Effect of Genistein against Neuronal Degeneration in ApoE−/− Mice Fed a
High-Fat Diet. Nutrients 2016, 8, 692. [CrossRef]

85. Sun, Y.; Li, L.; Xie, H.; Wang, Y.; Gao, S.; Zhang, L.; Bo, F.; Yang, S.; Feng, A. Primary Studies on Construction and Evaluation of
Ion-Sensitive in situ Gel Loaded with Paeonol-Solid Lipid Nanoparticles for Intranasal Drug Delivery. Int. J. Nanomed. 2020, 15,
3137–3160. [CrossRef] [PubMed]

86. Rassu, G.; Soddu, E.; Posadino, A.M.; Pintus, G.; Sarmento, B.; Giunchedi, P.; Gavini, E. Nose-to-brain delivery of BACE1 siRNA
loaded in solid lipid nanoparticles for Alzheimer’s therapy. Colloids Surf. B Biointerfaces 2017, 152, 296–301. [CrossRef] [PubMed]

87. Bartels, A.L.; Leenders, K.L. Parkinson’s disease: The syndrome, the pathogenesis and pathophysiology. Cortex 2009, 45, 915–921.
[CrossRef] [PubMed]

88. Paulus, W.; Dowling, P.; Rijsman, R.; Stiasny-Kolster, K.; Trenkwalder, C.; de Weerd, A. Pathophysiological concepts of restless
legs syndrome. Mov. Disord. 2007, 22, 1451–1456. [CrossRef] [PubMed]

89. Dunlop, B.W.; Nemeroff, C.B. The Role of Dopamine in the Pathophysiology of Depression. Arch. Gen. Psychiatry 2007, 64,
327–337. [CrossRef]

90. Haddad, F.; Sawalha, M.; Khawaja, Y.; Najjar, A.; Karaman, R. Dopamine and Levodopa Prodrugs for the Treatment of Parkinson’s
Disease. Molecules 2017, 23, 40.

91. Cometa, S.; Bonifacio, M.A.; Trapani, G.; Di Gioia, S.; Dazzi, L.; De Giglio, E.; Trapani, A. In vitro investigations on dopamine
loaded Solid Lipid Nanoparticles. J. Pharm. Biomed. Anal. 2020, 185, 113257. [CrossRef]

92. Wang, L.; Zhao, X.; Du, J.; Liu, M.; Feng, J.; Hu, K. Improved brain delivery of pueraria flavones via intranasal administration of
borneol-modified solid lipid nanoparticles. Nanomedicine 2019, 14, 2105–2119. [CrossRef]

93. Fan, X.; Chai, L.; Zhang, H.; Wang, Y.; Zhang, B.; Gao, X. Borneol Depresses P-Glycoprotein Function by a NF-κB Signaling
Mediated Mechanism in a Blood Brain Barrier in Vitro Model. Int. J. Mol. Sci. 2015, 16, 27576–27588. [CrossRef]

94. Zhang, S.; Wang, J.; Zhao, H.; Luo, Y. Effects of three flavonoids from an ancient traditional Chinese medicine Radix puerariae on
geriatric diseases. Brain Circ. 2018, 4, 174–184.

http://doi.org/10.1016/j.ejpb.2018.02.010
http://doi.org/10.2174/0929867321666140716103130
http://doi.org/10.1016/j.jconrel.2017.09.001
http://doi.org/10.3389/fphar.2021.601626
http://doi.org/10.1016/j.neulet.2008.12.056
http://doi.org/10.1002/syn.10248
http://doi.org/10.1016/j.ejps.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23266466
http://doi.org/10.3109/03639045.2014.991400
http://www.ncbi.nlm.nih.gov/pubmed/25496439
http://doi.org/10.1016/j.ejps.2012.04.013
http://www.ncbi.nlm.nih.gov/pubmed/22561106
http://doi.org/10.2165/00003495-200060050-00008
http://doi.org/10.3390/pharmaceutics12030227
http://doi.org/10.3390/molecules26216531
http://doi.org/10.1002/cbdv.201000269
http://doi.org/10.2147/IJN.S151474
http://doi.org/10.3390/pharmaceutics11010008
http://doi.org/10.3390/nu8110692
http://doi.org/10.2147/IJN.S247935
http://www.ncbi.nlm.nih.gov/pubmed/32440115
http://doi.org/10.1016/j.colsurfb.2017.01.031
http://www.ncbi.nlm.nih.gov/pubmed/28126681
http://doi.org/10.1016/j.cortex.2008.11.010
http://www.ncbi.nlm.nih.gov/pubmed/19095226
http://doi.org/10.1002/mds.21533
http://www.ncbi.nlm.nih.gov/pubmed/17516488
http://doi.org/10.1001/archpsyc.64.3.327
http://doi.org/10.1016/j.jpba.2020.113257
http://doi.org/10.2217/nnm-2018-0417
http://doi.org/10.3390/ijms161126051


Biomedicines 2022, 10, 1706 18 of 18

95. Song, H.; Wei, M.; Zhang, N.; Li, H.; Tan, X.; Zhang, Y.; Zheng, W. Enhanced permeability of blood-brain barrier and targeting
function of brain via borneol-modified chemically solid lipid nanoparticle. Int. J. Nanomed. 2018, 13, 1869–1879. [CrossRef]
[PubMed]

96. Chauhan, I.; Yasir, M.; Verma, M.; Singh, A.P. Nanostructured Lipid Carriers: A Groundbreaking Approach for Transdermal Drug
Delivery. Adv. Pharm. Bull. 2020, 10, 150–165. [CrossRef] [PubMed]

97. Naseri, N.; Valizadeh, H.; Zakeri-Milani, P. Solid lipid nanoparticles and nanostructured lipid carriers: Structure, preparation and
application. Adv. Pharm. Bull. 2015, 5, 305–313. [CrossRef] [PubMed]

98. Shah, P.; Mudaliar, S. Pioglitazone: Side effect and safety profile. Expert Opin. Drug Saf. 2010, 9, 347–354. [CrossRef] [PubMed]
99. Jojo, G.; Kuppusamy, G.; De, A.; Karri, V. Formulation and optimization of pioglitazone intranasal nanolipid carriers of

pioglitazone for the repurposing in Alzheimer’s disease using Box-Behnken design. Drug Dev. Ind. Pharm. 2019, 45, 1061–1072.
[CrossRef]

100. Vaz, G.R.; Hädrich, G.; Bidone, J.; Rodrigues, J.L.; Falkembach, M.C.; Putaux, J.-L.; Hort, M.A.; Monserrat, J.M.; Júnior, A.V.;
Teixeira, H.F.; et al. Development of Nasal Lipid Nanocarriers Containing Curcumin for Brain Targeting. J. Alzheimers Dis. 2017,
59, 961–974. [CrossRef]

101. Rajput, A.; Bariya, A.; Allam, A.; Othman, S.; Butani, S.B. In situ nanostructured hydrogel of resveratrol for brain targeting:
In vitro-in vivo characterization. Drug Deliv. Transl. Res. 2018, 8, 1460–1470. [CrossRef]
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