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Abstract
Alzheimer’s disease (AD) is a form of dementia with high impact worldwide, accounting with more than 46 million cases. It is
estimated that the number of patients will be four times higher in 2050. The initial symptoms of AD are almost imperceptible and
typically involve lapses of memory in recent events. However, the available medicines still focus on controlling the symptoms
and do not cure the disease. Regarding the advances in the discovery of new treatments for this devastating disease, natural
compounds are gaining increasing relevance in the treatment of AD. Nevertheless, they present some limiting characteristics such
as the low bioavailability and the low ability to cross the blood-brain barrier (BBB) that hinder the development of effective
therapies. To overcome these issues, the delivery of natural products by targeting nanocarriers has aroused a great interest,
improving the therapeutic activity of these molecules. In this article, a review of the research progress on drug delivery systems
(DDS) to improve the therapeutic activity of natural compounds with neuroprotective effects for AD is presented.
Keywords Natural product . Neurodegenerative disorder . Drug delivery . Brain delivery . Blood-brain barrier . Nanoparticle

Introduction
Alzheimer’s disease (AD) is the most common type of dementia. Currently, there are almost 50 million people worldwide
affected by AD. With the increase of mean life expectancy, it
is predictable that this number increases to 150 million in
2050 [1]. Then, it is expected that AD will continue to be a
clinical, social and economic problem. Several efforts are being done to find new strategies to cure AD [2].
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Natural compounds were the first medicines available and
still continue to be used to treat a vast range of diseases [3]. In
the last years, due to their multiple beneficial properties, natural products are gaining interest both for the scientific and the
pharmaceutical industries [4]. A diversity of natural compounds has been reported to be effective in AD therapy due
to their neuroprotective activity [5]. In fact, natural compounds can act by different pathways, such as the inhibition
of the amyloid beta-peptide (Aβ) production (through the
modulation of the secretases activity) and neurofibrillary tangles formation, promotion of Aβ degradation and reduction of
oxidative stress and neuroinflammation [6]. Although being
potential therapeutic agents for AD, the administration of
these natural products exhibits some limitations. Thus, drug
delivery systems (DDS) seem to be a relevant approach to
overcome these issues.
In the last decades, numerous efforts have been made to
develop suitable DDS to deliver several natural compounds
with clinical interest for AD. DDS have the ability to protect
molecules from degradation [7] and transport them by hiding
their physicochemical properties without modifying them [8].
DDS have several beneficial properties, such as biodegradability, biocompatibility, nontoxicity, non-immunogenicity,
high stability in body fluids and ability to interact with specific
receptors. Furthermore, nanoparticles (NPs) allow a controlled
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opsonized and then they are recognized by the reticuloendothelial system (RES) [19, 20].
However, the NP uptake by the BBB is not only influenced
by their surface properties. Also the materials used for their
formulation can affect the NP physicochemical properties
influencing their ability to deliver drugs to the brain [21].
Also, the administration pathway influences the NP accumulation on the target tissue, since different biological barriers
must be crossed depending on the chosen route. Therefore,
during DDS’ design, it is important to consider not only the
surface components but also the core materials.
During intravenous administration, the nanosystems usually are quickly opsonized and cleared from the bloodstream by
the RES. To increase the NPs’ blood circulation time, their
surface could be modified by the attachment of hydrophilic
polymers, such as polyethylene glycol (PEG) and polysorbates or with charged surfactants. PEG also induces steric
stabilization, allowing the conjugation of ligands [22].
However, among all the studied natural compounds, only a
few have been reported for brain targeting. In this review, we
present the natural compounds that have been already delivered by DDS for the AD therapy, targeting the different mechanisms associated with the AD pathology is reported. The
literature search was conducted using PubMed, Science
Direct, Scopus and Web of Science as online databases until
October 2019. Only papers written in English were considered
with unlimited publication date. Keywords such as Alzheimer,
natural compound, natural product, marine organism and extract combined with nanoparticle, delivery and nanosystem
were used to start the literature search.

and sustained drug release, allowing to maintain active doses
of therapeutic agents for prolonged periods. Despite that, the
drug delivery by nanocarriers reduces the required doses to
produce therapeutic effects due to the improvement of the
drug pharmacological activity, decreasing the side effects [9].
Nanosystems can reach the brain by employing different
strategies [10, 11]. The NPs transport by receptor-mediated
endocytosis is the more relevant mechanism to transport drugs
across the blood-brain barrier (BBB). This barrier is a continuous endothelial membrane that protects the microenvironment of the central nervous systems (CNSs) by blocking the
transport of potentially toxic or harmful substances from the
bloodstream to the brain, but it allows the transport of nutrients, maintaining the CNS homeostasis. However, the BBB
presents a major obstacle in the treatment of neurological diseases since it prevents the delivery of most therapeutic agents,
thus impeding an effective therapy [12].
Therefore, the conjugation of specific ligands to the NPs’
surface can enhance their transport across the BBB. The appropriate choice of the ligand is crucial to increase the transport efficiency of the NPs, since the receptor needs to be
expressed at the target site, in this case at the BBB. Indeed,
the receptor saturation needs to be considered to avoid the
competition with other ligands [13]. Figure 1 presents different types of ligands that can be conjugated at the NP surface.
Some of the most used molecules to target the BBB are antibodies, peptides and aptamers. Besides that, the attachment of
positively charged molecules increases the DDS transport
across the BBB [14, 15]. However, positively charged NPs
are usually associated with higher toxicity than neutral or anionic NPs. Concerning the negatively charged NPs, they can
attain proficient internalization rates after coupling targeting
ligands [16–18]. The NPs’ hydrophobicity also affects their
uptake. Indeed, NPs with hydrophobic surfaces are rapidly

Current status of natural compounds for AD
therapy

Fig. 1 Representation of a multifunctionalized nanocarrier with drugs,
brain targeting molecules and PEG

Natural compounds are gaining an increased interest by the
scientific community for the therapy of several diseases. In
fact, more than 100 natural products have been proposed in
the last decades as a promising approach for AD therapy [5].
However, just few of them have been studied for nanodelivery
for the AD therapy in order to overcome their several limitations. To evaluate the therapeutic efficacy and safety of these
natural compounds, different clinical and preclinical studies
have been performed in the last decades. A description of
these studies’ results is here presented.
Curcumin is a compound found in the root of Curcuma
longa L. (Zingiberaceae) and recent in vivo studies proved
that this compound inhibits the Aβ production. Moreover, it
prevents the Aβ aggregation, destabilizes Aβ fibrils [23, 24]
and it presents in vivo antioxidant and anti-inflammatory
properties [25, 26]. Although exhibiting promising preclinical
results, this natural compound failed to slow the disease progression in a clinical trial with AD patients [27].
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Another natural compound extensively explored due
to its beneficial properties is epigallocatechin gallate
(EGCG). This polyphenolic compound, present in green
tea, proved in several in vitro studies to exert neuroprotective activity in AD due to inhibition of the Aβ fibrillation [28], aggregation [29] and oligomerization
[30]. In vivo evidences suggest that EGCG is also able
to decrease the activity of β- and γ-secretases and to
enhance the α-secretase activity in vivo. The regulation
of the activity of these enzymes leads to a decrease in
Aβ levels and plaque formation, consequently improving the animal model’s memory [31]. Furthermore,
EGCG have shown in vivo antioxidant [32] and antiinflammatory effects [33]. However, no clinical trials
were performed to assess the effects of this molecule
on AD patients.
Ferulic acid (FA) is another compound proposed for
AD therapy. This phenolic compound is found in numerous fruits and vegetables. FA is an antioxidant [34]
and anti-inflammatory molecule, with the ability to inhibit the Aβ production [35] and aggregation in vitro
[36], and to destabilize and disrupt Aβ fibrils in vitro
[37]. Therefore, this molecule proved to improve the
cognitive performance in an AD mouse model [38].
Galantamine is a molecule produced by bulbous plants.
Recent studies showed that this compound may have an important role in AD pathophysiology by reducing Aβ deposition and plaque formation [39], neuroinflammation [40] and
stimulating Aβ clearance [41].
Huperzine A (HupA) can be extracted from Huperzia
serrata (Thunb.) Trevis. (Lycopodiaceae). This molecule
exhibits antioxidant properties, due to its ability to inhibit reactive oxygen species (ROS) formation and reduce lipid peroxidation in an in vivo AD rat model
[42]. Moreover, this natural compound increased the
α-secretase activity in vitro, decreasing the Aβ levels,
suggesting a blocking action in the Aβ production [43].
The beneficial effects of HupA for AD therapy were
evaluated in clinical trials. These studies showed that
HupA is a safe compound able to reduce neuroinflammation [44] and improve the memory, behaviour and
cognition of AD patients [45, 46].
An alkaloid compound, found in fruits of family
piperaceae, known as piperine (PIP) was also proposed for
AD therapy. In vivo trials showed that this compound has
antioxidant properties [47], which resulted in a significant
improvement in memory of AD rat model [48].
Quercetin is a polyphenolic compound found in several
foods such as fruits and vegetables with beneficial properties
for the AD therapy. In vitro studies demonstrated that quercetin reduces the oxidative stress [49], prevents the Aβ aggregation and destabilizes Aβ fibrils [50]. In vivo studies showed
that quercetin decreased the Aβ levels [51] and oxidative
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stress, improving the memory and decreasing cognitive impairment in an AD mouse model [52].
Resveratrol is one of the most popular natural products for
AD therapy. This molecule with neurological benefits is a
non-flavonoid polyphenol found in grapes and red wine
[53]. Recent in vitro studies proved that resveratrol is able to
reduce Aβ fibril formation [54], induce Aβ aggregates degradation [55] and alterations on aggregates structure from a toxic
to a nontoxic shape [56]. As result, resveratrol decreased the
Aβ levels [57] and plaque levels in brain of AD rats [58].
Resveratrol also displayed anti-inflammatory [57] and antioxidant effects in animal studies [59].
Vitamin E can be found in several fruits and has been also
described as a potential therapeutic compound for AD, acting
as antioxidant and anti-inflammatory compound in vivo [60].
Recent in vivo studies showed that this vitamin reduces the
Aβ levels and amyloid deposition [61]. Clinical trials studying the effects of its co-administration with other drugs
showed incongruent outcomes. While in some human studies,
co-supplementation with vitamin E slowed the progression of
the disease [62, 63], in others it did not prove to be effective in
delaying the disease progression [64, 65].
Despite these natural compounds proving to have beneficial properties for AD therapy in preclinical and in some clinical studies, no effective treatment was established. Although
some compounds exhibited promising results in preclinical
studies, they failed to slow the disease progression in clinical
trials. These poor outcomes can be explained by several limitations associated with their administration. Several factors
such as absorption, biodistribution, metabolism, bioavailability and clearance of a therapeutic molecule influence its pharmacokinetics and pharmacodynamics [66]. These factors are
therefore influenced by the molecule’s physicochemical features, such as molecular weight, lipophilicity and stability.
In fact, low bioavailability is a major limitation of natural
compounds, due to their premature degradation or clearance
from blood circulation. Premature degradation due to the low
stability to light, oxygen and temperature also decreases the bioavailability of a therapeutic molecule. This was reported for several natural compounds such as resveratrol [67], vitamin E [68]
and curcumin [69]. Moreover, all the aforementioned natural
compounds, excepting HupA and EGCG, are highly hydrophobic and therefore are rapidly cleared by the bloodstream. On the
other hand, hydrophilic molecules, such as HupA and EGCG,
should present a higher solubility and therefore longer blood
circulation time. However, they will exhibit lower ability to cross
biological barriers and membranes [70]. The ability to penetrate
biological barriers also depends on the molecular weight of the
natural compound. In fact, BBB blocks the passage of over 98%
of small molecules and 100% of large molecules (> 500 Da) [71].
EGCG and vitamin E have molecular weights of around 500 Da,
so these natural compounds are not expected to be able to efficiently reach the brain tissue.
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Low oral bioavailability of natural compounds also hinders
efficiency accumulation of required doses in the brain tissue to
exert therapeutic effects. In fact, low oral bioavailability has
been reported for some natural compounds such as for
curcumin [72], galantamine [73] and resveratrol [74].
These mentioned issues can be addressed by their
nanodelivery. It is expected that DDS will be able to overcome
these drawbacks, allowing to increase the therapeutic efficacy
of natural compounds by improving their pharmaceutical
properties.

Drug delivery systems for AD therapy
The use of DDS is a promising approach for the development
of AD therapeutic strategies. A detailed report of the already
developed NP formulations is described below and the summarized information is presented in Table 1.

Polymer-based strategies
Several polymers have been extensively used in the development of DDS. Some of these are used to transport drugs for the
AD treatment, due to being soluble in water, biocompatible
and biodegradable [132]. The biodegradability is an advantageous feature for AD therapy. The degradation of polymeric
materials can occur due to chemical, photo, mechanical or
thermal stimulus [133]. Also, enzymes, acidic pH and other
biological conditions affect polymer degradation. The instability of polymeric materials in biological scenarios influences
the drug release, which allows the release of the encapsulated
drug and avoids the accumulation of the material in the body.
Several polymeric materials have been proposed for the development of DDS for the AD therapy with natural compounds (Fig. 2).
PLGA carriers
Amongst all polymers, the biodegradable poly (lactic-coglycolic acid) (PLGA) (Fig. 3) is the most commonly used
for drug delivery. PLGA is a copolymer of poly-lactic acid
(PLA) and poly-glycolic acid (PGA) [134, 135]. PLGA popularity is due to its nontoxic behavior, easy production and
being FDA-approved. In water, PLGA suffers biodegradation
into glycolic acid and lactic acid. Since these monomers are
metabolized by the human body, no systemic toxicity occurs,
allowing the safe use of this polymeric material for several
biomaterial applications such as drug delivery [71]. Thus,
PLGA can be used for the synthesis of different carriers, such
as NPs, nanocapsules, micelles, microparticles (MPs) and
polymersomes (POs) to deliver several drugs, genes and proteins [11, 53, 136, 137].
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PLGA MPs and NPs are the most popular PLGA-based
carriers for DDS. The size of the PLGA carriers influences
the blood circulation time, since PLGA vehicles can be easily
recognized by RES if no surface modification strategy is used
[138]. The toxicity of PLGA carriers also depends on their
size. Small PLGA NPs can promote several inflammatory
processes through the release of cytokines and depolarization
of the mitochondria [139]. PLGA NPs also can induce oxidative stress by the production of ROS [140]. However, it is
reported that PLGA NPs with diameters over 100 nm can be
used safely [141].
Despite being widely used for medical applications, PLGA
NPs exhibit some drawbacks as their poor loading capacity,
high cost associated with the used production techniques and
high burst release. PLGA NPs usually release a large amount
of drug once they reach the blood circulation, decreasing the
effective drug concentration in the target tissues [142].
Another limitation of these NPs is the low entrapment efficiency of hydrophilic drugs, requiring the use of suitable NP
preparation methods, as double emulsion [143].
Numerous PLGA NPs have been proposed in the last years
for the prevention and treatment of AD using different natural
compounds. Particularly, several experiments were reported
for curcumin delivery.
In fact, Doggui et al. developed PLGA NPs for curcumin
encapsulation [76]. In vitro studies using a human neuroblastoma cell line proved that the NPs were nontoxic and were
efficiently uptaken by the studied cells, enhancing the
curcumin activity. Due to a lack of suitable in vitro cellular
models for AD, neuroblastoma cell lines have become relevant models for the study of AD, due to being suitable in vitro
models of neuronal functions [144]. Encapsulation of
curcumin in the developed NPs retained its ability of cellular
protection by decreasing the ROS levels [76]. However, these
NPs exhibited a low curcumin encapsulation efficiency of
about 30% and a fast release with about 70% of curcumin
molecules released in the first 5 h. Therefore, although the
prepared NPs allowed the preservation of the beneficial properties of curcumin, the NPs were not able to maintain a controlled and sustained release of the molecule. Later, to improve the efficiency of the developed NPs, the group studied
the influence of the PLA/PGA ratio on the physicochemical
properties and therapeutic efficiency [75]. Depending on the
properties of the chosen polymeric matrix, the prepared NPs
can exhibit different features and release profiles, influencing
the efficiency of the nanocarrier. Modifying the PLA/PGA
ratio, the authors were able to prepare NPs with a more suitable profile for prolonged release, with less than 30% of total
curcumin released in the first 24 h. However, the group was
not able to increase the encapsulation efficiency of the NPs.
The authors have chosen the 50:50 PLA/PGA ratio as the
most suitable, since these NPs were more efficiently internalized in the target cells due to their smaller size. So, despite the

Galantamine

Ferulic acid

Curcumin and nerve growth factor
Curcumin and PQVGHL peptide
Epigallocatechin gallate

PLGA NPs

Curcumin

SLNs
Hydroxyapatite NPs

NLCs
PLGA NPs
Ch NPs
Liposomes

NLCs
LNCs
Micelles
Liposomes
PLGA NPs
Polymeric NPs
See NPs
SLNs

SLNs

Liposomes

POs
Polymeric NPs

Carrier

In vitro
In vitro
In vitro
In vivo
Ex vivo
In vitro
In vivo
In vivo

− 36
− 34 to − 26
− 11
n.a.
− 36 to − 27
− 49
− 19 to 10
− 20 to − 15

< 80
45
131
153
207
n.a.
60 to 218
134 to 514
n.a.
n.a.
104
192
n.a.
105 to 165
140
50 to 300
25 to 29
96 to 139
96
96 to 124
43
48 to 68
127 to 165
112
88 to 221
1 to 3

–
–
–
Anti-TrF mAb
–
–
Phosphatidic acid cardiolipin and GMI ganglioside
–
–
–
Lf
ApoE3
–
Wheat germ agglutinin and cardiolipin
Cyclic CRTIGPSVC peptide
Dopamine
Tet-1 peptide
–
–
–
–
–
Lys-Val-Leu-Phe-Leu-Ser
–
–
–

n.a.
−6
− 10
n.a.
− 5 and − 15
− 26
− 30 to − 5
13
− 36 to 49

0
n.a.
− 24 to − 6
−8
− 11
n.a.
− 49 to 4
27 to − 30
n.a.

In vitro
Ex vivo/in vivo
In vivo
Ex vivo/in vivo
In vitro
Ex vivo/in vivo
In vitro
In vitro
In vitro

In vivo
In vitro/in vivo
In vitro
Ex vivo
Ex vivo/in vivo
In vivo
In vitro
In vivo
Ex vivo/in vivo

In vitro
In vitro
In vitro
In vitro
Ex vivo/in vivo
Ex vivo/in vivo
In vitro
In vivo
In vivo

Tet-1 peptide
B6 peptide
Tet-1 and TrF peptides
ApoE3
–
–

n.a.
54 to 57
− 30 to − 20
− 30 to − 20
4
− 6 to − 5
−2
n.a.
n.a.

80 to 120
101 to 131
150 to 200
150 to 200
50 to 250
50 to 60
197
n.a.
152

Development phase

–
–
–

Zeta potential (mV)

Mean diameter (nm)

Targeting ligand

[108]

[102]
[101]
[103]
[104]
[105]
[106]
[107]

[93]
[94]
[95]
[96]
[97]
[98]
[99]
[100]
[101]

[84]
[85]
[86]
[87]
[88]
[89]
[90]
[91]
[92]

[75]
[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]

Reference

Developed DDS for the delivery of natural compounds for the therapy of AD. Mean diameter and zeta potential values were rounded to the unit. n.a. means no information available

Natural compound

Table 1
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Vitamin E

Resveratrol

PSO
Quercetin

PIP

SLNs
PLGA NPs
PLGA MPs

Grape extract
HupA

Polymeric NPs

LNCs

Polymeric NPs
SLNs

Zein NPs
Silica NPs

Liposomes
SLNs

ME
SLNs
NLCs
Ch NPs
Radical-containing NPs
SLNs
Cubs
Nanoemulsions
PLGA NPs

Carrier

Natural compound

Table 1 (continued)

105 to 165
< 200
157 to 528
260
447 to 745
745
50
< 100
254
249
241
249
n.a.

–
–
–
–

182 to 188
153
56 to 64
143 × 103
145
119
137
250
40
278 to 312
167
135
100 to 150

Mean diameter (nm)

RPM-7 and Lf
–
–
–
–
–
–
–
OX26 mAb

OX26 mAb
Lf
–
–
–
–
–
–
–
–
–
–
–

Targeting ligand

− 14
− 14
− 14
n.a.

3 to 37
21
− 11 to − 16
− 43
31 to 42
31
32
n.a.
−4

0
36
n.a.
n.a.
−4
− 20
− 18
56
n.a.
51 to − 41
− 35
n.a.
n.a.

Zeta potential (mV)

[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[109]
[128]
[129]
[130]
[131]

In vitro
In vivo
In vitro
In vivo
In vitro

[109]
[110]
[111]
[112]
[113]
[113]
[113]
[114]
[115]
[116]
[117]
[118]
[119]
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In vitro

In vitro
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In vivo
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Ex vivo/in vivo
Ex vivo/in vivo
In vivo
In vitro
Ex vivo
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In vivo
In vivo

Development phase
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Fig. 2 Representation of PLGA

low encapsulation efficiency, these NPs exhibited an enhanced therapeutic efficiency.
Mathew et al. started by proposing the encapsulation of
curcumin in PLGA NPs [77]. The group was able to prepare
PLGA NPs with a significant higher encapsulation efficiency
(around 90%). The in vitro effects of the NPs were evaluated
using a neuroblastoma cell line. The obtained results proved that
the developed NPs were biocompatible, not inducing toxic effects on the cellular morphology and activity. Encapsulated
curcumin retained the ability of Aβ clearance, although to a
smaller extent than free curcumin. To address this issue, the
group later modified the surface of the developed NPs with
Tet-1 peptide to target neuronal receptors, thus increasing the
bioavailability in brain tissue [78]. Tet-1 peptide exhibits high
affinity to neurons [100]. In vitro studies showed that the NPs
uptake by the neuronal cells is enhanced by functionalization
with the Tet-1 peptide. This improved nanosystem is able to
enhance the curcumin Aβ clearance activity comparatively with
the previously developed non-modified NPs. Surface modification of the NPs with Tet-1 peptide did not affect curcumin therapeutic properties and enhanced the nanocarrier efficiency.
Fan et al. also used PLGA NPs with an active targeting
strategy for curcumin delivery for AD therapy [79]. The authors
intended to increase its bioavailability on the target tissue and
overcome its low solubility issue. The NPs were modified with
B6 peptide with the purpose of targeting the transferrin receptor
(TfR) to enhance the transport across the BBB, since this receptor is overexpressed in the BBB cells. The developed

Fig. 3 Representation of chitosan

PLGA NPs exhibited mean diameters ranging between 50
and 250 nm and positive zeta potential values. In vitro studies
using a mouse neuronal cell line showed an increased cellular
uptake of encapsulated curcumin comparatively with its free
form and proved that the NPs are biocompatible showing no
cytotoxicity and good blood compatibility. Animal studies
using transgenic AD mice demonstrated that the encapsulation
of curcumin in PLGA NPs enhanced its ability to improve the
spatial learning and memory of the studied mice. Ex vivo
studies proved that the entrapped curcumin was able to more
efficiently reduce the Aβ fibril formation and tau
hyperphosphorylation in the mice brains, than its free form.
Hence, the authors proved that these PLGA NPs are promising nanocarriers for curcumin to be used in AD therapy.
The co-delivery of curcumin with other therapeutic molecules was also studied in the last years. In fact, Huang et al.
proposed PLGA NPs for the co-delivery of curcumin and
PQVGHL peptide for AD therapy [98]. PQVGHL peptide is
an Aβ production inhibitor that binds to the cleavage site of βsecretase on APP [145]. These NPs were modified with cyclic
CRTIGPSVC peptide that targets TfR to enhance the transport
across the BBB. The developed NPs exhibited mean diameters of about 140 nm, negative zeta potential values and encapsulation efficiency values of around 20% for both
curcumin and PQVGHL peptide. Cytotoxicity studies using
one human neuronal cell line and two mouse neuronal cell
lines proved that these NPs are biocompatible causing no
harmful effects to the studied cells. The authors used bEnd.3
mouse brain endothelial cells as an in vitro model of the BBB
and demonstrated that modification with the targeting peptide
increased the permeation of the NPs across the BBB model.
Animal studies using transgenic AD mice showed that encapsulation of curcumin allowed to improve the spatial memory,
as also to decrease the Aβ and ROS levels in the treated
animals, suggesting that the developed nanocarriers are a
promising approach for AD therapy [98].
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In summary, different PLGA NPs were proposed for
curcumin entrapment. In all the proposed NPs, the used synthesis method was the single emulsion-solvent evaporation
due to curcumin’s high lipophilicity. However, despite using
the same methodologies, different groups achieved different
encapsulation efficiencies, showing that the different experimental parameters, such as the chosen stabilizer, affect the
encapsulation of curcumin. Furthermore, different surface
modification approaches proved to be suitable strategies to
increase curcumin accumulation in the brain tissue. Among
several advantages associated with the use of PLGA NPs,
their size and surface charge are major factors influencing
the brain delivery. Moreover, due to PLGA versatility, these
types of NPs were proposed for the delivery of other natural
compounds. This polymeric matrix is suitable for the entrapment of either hydrophobic compounds such as curcumin or
hydrophilic compounds such as HupA. The lipophilicity of
the drug to encapsulate determines the synthesis method to
be used.
In fact, Meng et al. developed PLGA NPs for the delivery
of HupA [110]. To enhance the intranasal delivery,
mucoadhesive properties were added to the NPs by coating
its surface with a positively charged derivative of chitosan
(Ch). Intranasal route was chosen to avoid the BBB. The intranasal route allows NPs to reach directly to the brain from
the nasal cavity along the nerves, by passing the BBB [146].
The targeting of neuronal cells was also envisaged by
attaching lactoferrin (Lf) molecules to the NPs’ surface.
In vitro studies showed the NPs were efficiently internalized
by human neuroblastoma cells. Further, Lf modification increased the cellular uptake through receptor-mediated transport. In vivo studies using Kunming mice (model for agerelated decline) showed a higher accumulation of Ch-andLf-modified PLGA NPs when compared with non-modified
NPs, suggesting that the modification with positively charged
Ch enhanced the nose-to-brain HupA delivery due to its
mucoadhesion properties [110].
HupA delivery was also studied using another PLGAbased carrier. As mentioned above, PLGA can also be used
for the preparation of MPs. In fact, PLGA MPs have also been
studied for the entrapment of HupA. Gao et al. developed
PLGA microspheres for HupA delivery [111]. The developed
carriers showed a controlled release of the drug without significant undesirable burst release. In vivo studies with healthy
rats showed that the microspheres were able to maintain the
release of the drug for more than 8 weeks, proving to be a
suitable carrier for a prolonged AD’s therapy [111]. Later the
group studied the in vivo pharmacodynamics of HupA
entrapped in these microspheres by evaluating the activity of
acetylcholinesterase (AchE) in the rat cortex [112]. AD patients present reduced AchE levels, resulting in the loss of
neuron function and synaptic damage [147]. The microspheres showed a prolonged pharmacological response,
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suggesting that these developed microspheres are a suitable
strategy for prolonged AD’s therapy [112]. However, pharmacokinetics of the MPs was only evaluated by plasma levels,
and brain accumulation was not assessed.
PLGA NPs were also proposed for other natural compounds, such as quercetin. In fact, Sun et al. encapsulated
quercetin in PLGA NPs and evaluated the in vitro ability of
the DDS to disassemble and clear Aβ fibrils [119]. The NPs
proved to be nontoxic to human neuronal cells and to be able
to inhibit the Aβ-induced neurotoxicity enhancing the cellular
viability. Behavioural tests using immunodeficient mice indicated that the NPs ameliorated the cognition and memory
impairments. The results show that the developed nanosystems are able to retain quercetin properties, enhancing its therapeutic efficiency for AD showing no in vivo systemic toxicity, as expected due to PLGA safe and biocompatible properties [119].
Fornaguera et al. proposed the use of PLGA NPs for the
delivery of another natural compound for AD’s therapy, the
galantamine [103]. The developed NPs proved to be noncytotoxic in in vitro studies using a neuronal cell model of
human neuroblastoma. Encapsulated galantamine retained its
ability for inhibition of AchE activity, suggesting that these
NPs may be a suitable strategy for AD’s therapy. The prepared
nanocarriers exhibited mean dimensions smaller than 100 nm
and a high burst release of about 60% of the compound released on the first 24 h.
Another popular nanosystems that can be composed of
PLGA are the POs. These nanoshells are composed by amphiphilic copolymers self-assembled in a bilayer structure,
surrounding an aqueous compartment. Depending on the molecular weight of the used amphiphilic polymer, POs usually
form a ticker bilayer (5–30 nm) [148]. The hydrophobic part
of each polymeric molecule tends to associate with each other
to minimize direct exposure to water, whereas the more hydrophilic blocks face inner and outer hydrating solutions and
thereby delimit the two interfaces of a typical bilayer membrane [149].
The key to their utility is the ability to transport molecules,
either in the aqueous lumen for hydrophilic drugs, or
entrapped in the bilayer membrane for hydrophobic compounds. Unlike biological lipid vesicles, the bilayer membranes of POs are often relatively impermeable, hindering
the release of encapsulated molecules [150]. Thus, POs exhibit several advantageous features that allow the nanodelivery of
different drugs [151]. In fact, POs have been proposed for the
delivery of natural compounds for AD therapy.
Jia et al. proposed the use of POs for the targeted delivery
of curcumin [80]. The POs were composed of PLGA and PEG
block copolymer and the surface of the nanocarrier was modified with Tet-1 peptide and Tf molecules to enhance the transport across the BBB. Pharmacokinetic studies with healthy
mice showed that the biodistribution of curcumin in brain
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tissue significantly enhanced with its encapsulation.
Furthermore, POs modified with both targeting moieties
showed significant higher accumulation in brain tissue comparatively with non-modified ones, and with POs modified
with only one targeting molecule, proving that both molecules
have efficient targeting effects. Therefore, the modified
nanocarriers ameliorated the cognitive dysfunction induced
by Aβ. The developed POs exhibited small dimensions of
about 60 nm and a burst release of about 70% of the entrapped
curcumin in the first 24 h, not being able to maintain a controlled release for several days.
For all the aforementioned reasons, PLGA proved to be a
suitable material for the delivery of a wide range of natural
compounds with different psychochemical properties. Despite
exhibiting some pitfalls as low loading capacity and burst
release, these NPs are suitable for brain delivery due to low
toxicity and being transported across the BBB. The use of
active-targeting strategies allowed to increase the efficacy of
most of the developed PLGA NPs.
Chitosan NPs
Ch has gained attention as a polymeric material for DDS due
to its properties, such as biodegradability and biocompatibility. Ch is composed of a carbohydrate backbone structure with
two types of repeating units, N-acetyl-d-glucosamine and dglucosamine, connected by (1-4)-β-glycosidic linkage (Fig.
4) [152]. It is positive-charged, offering an enhanced interaction with cell membranes and effect in opening tight junctions.
Nevertheless, the positive-charged surface could be toxic for
the cells when the NPs are used at high concentrations. Ch
NPs interact with the cell membranes (negatively charged),
destabilizing them and consequently could promote cell dead.
Further, Ch presents good mucoadhesive properties [153].
Ch NPs are able to enhance the drug aqueous’ solubility,
systemic absorption, stability and resistance to enzyme degradation. Furthermore, Ch allows the controlled release of
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drugs, reducing their toxicity and can be produced without
using organic solvents [154]. Some studies have suggested
the use of Ch to coat other types of NPs to reduce their collateral effects on the body and promote their bioavailability
[155]. However, there are some drawbacks in the use of Ch
NPs as DDS mainly related with its low solubility at physiological pH [156]. In order to improve its solubility, different
approaches were developed, such as the use of Ch derivatives,
including carboxylated groups, conjugation with different
molecules, thiolation and acylation of the Ch [157–160].
Hanafy et al. used Ch to produce NPs to transport galantamine hydrobromide (GH) for intranasal delivery [104]. The
NPs proved to maintain the pharmacological efficiency of
GH. The administration of NPs by nasal route in adult healthy
male Wistar rats showed a substantial reduction of the AchE
level and activity in rat brains when compared with free GH
administrated by oral and nasal routes. That way, it is clear the
advantage these NPs to the delivery of GH. This beneficial
effect could be strongly related with the prolonged release of
GH (around 58% of GH was released after 3 days).
Furthermore, these NPs have a mean diameter lower than 80
nm, which is suitable for the brain delivery.
Elnaggar et al. produced monodisperse Ch NPs to encapsulate PIP for brain targeting using the intranasal route [114].
These NPs exhibited a high entrapment efficiency (around
82%) and a mean size of 250 nm. The cognitive function of
adult healthy rats treated with these NPs was improved. This
treatment was more efficient than the treatment with a standard drug (donepezil injection). The treatment with the NPs
containing PIP also presented antioxidant effect and the ability
to decrease the AchE levels. Furthermore, the encapsulation of
PIP in Ch NPs did not induce brain toxicity and alleviated the
nasal irritation [114].
Based on the presented results, Ch NPs proved to be a good
approach to deliver different natural compounds into the brain
through the intranasal route.
Other polymeric nanocarriers

Fig. 4 Schematic representation of lipid-based carriers for the delivery of
natural compounds for AD therapy: a polymersome, b liposome, c solid
lipid nanoparticle, d nanostructured lipid nanoparticles and e lipid-core
nanocapsules

Kumar et al. proposed the use of poly(butyl-methacrylateco-(2-dimethylaminoethyl) methacrylate-co-methylmethacrylate for the delivery of curcumin for oral administration [83]. The authors used this pH-sensitive cationic copolymer to find a more suitable strategy to improve the bioavailability of this molecule that make use of a practical, economical and safe strategy for daily oral administration. The
attained nanosystems proved to increase curcumin solubility
and stability in vitro and in vivo. Animal studies using healthy
mice showed that the encapsulation of curcumin enhanced its
oral bioavailability, exhibiting a plasma concentration approximately six times higher than for free curcumin [83].
Instead, Sun et al. proposed the use of a negatively charged
polymer for the preparation of NPs for the brain delivery of
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curcumin [82]. The developed DDS was composed of
polybutylcyanoacrylate (PBC) and was intravenously administered to healthy mice to assess its biodistribution.
Encapsulated curcumin showed a higher concentration in
plasma and brain tissue than the free form of the compound.
The authors concluded that the developed NPs are a suitable
nanocarrier for the delivery of this natural compound to the
brain for AD’s therapy [82]. Although exhibiting promising
results, the developed NPs showed low curcumin encapsulation efficiency and loading, requiring the administration of
high amounts of polymer to have positive effects. Despite
exhibiting suitable dimensions for the transport across the
BBB, a neutral surface charge is associated with less stability
over time. So, since the surface charge influences the toxicity
and the cellular uptake, several aspects must be considered in
the NP design. For example, the choice of used stabilizer
agent will influence the NP properties. While in this case
polysorbate 80 yielded NPs with almost neutral zeta potential
due to the surfactant layer on the NP surface, another group
also developed PBC NPs for curcumin delivery, stabilized
with poloxamer 188 that showed a negative zeta potential
[81]. However, both nanosystems proved to be stable. This
group intended to enhance cellular uptake of curcumin by
modifying the NPs’ surface with apolipoprotein E3 (apoE3).
The encapsulation of curcumin in the prepared NPs increased
its stability and in vitro cellular internalization in a neuronal
cell model of human neuroblastoma cells. Consequently, the
NPs enhanced the therapeutic efficacy of curcumin against
Aβ-induced cytotoxicity by reducing ROS levels. The synergistic effect of curcumin and ApoE3 was also studied, due to
the antioxidant and anti-amyloidogenic activities of ApoE3.
The synergistic effect of both molecules was confirmed, proving that this system can be used for the AD therapy [81].
Another group proposed a different DDS for curcumin
loading. Cheng et al. developed a complex of PLA and PEG
polymers for the synthesis of NPs, also for the encapsulation
of curcumin [84]. The main goal of this work was to develop a
suitable system for non-invasive oral administration and
prolonged treatment, since other published works on
curcumin NPs were mainly focused on intravenous administration route and short duration therapies. Lyophilized
curcumin-micelles were orally administered to a transgenic
AD mice model for 3 months. The encapsulated curcumin
exhibited higher accumulation in plasma and in brain tissue
than the free drug, consequently significantly improving the
auditory memory of mice, but not the visual memory, suggesting that the septohippocampal system was preserved from Aβ
damage but not the hippocampal system [84].
Ray et al. also developed polymeric NPs for curcumin delivery [85]. The NPs were composed of Nisopropylacrylamide, vinylpyrrolidone and acrylic acid polymers. The obtained polymeric NPs exhibited mean diameters
of about 45 nm and encapsulation efficiency above 90%
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[161]. In vitro studies using a neuronal cell line showed that
the developed polymeric NPs were able to protect cells from
ROS-mediated damage. Animal studies, using athymic mice
treated with NPs administered by intraperitoneal injection two
times per day, showed an increased accumulation of curcumin
in the brain tissue when compared with free curcumin. In vivo
studies also proved that these NPs are able to decrease ROS
levels in the animals’ brains and ameliorate brain activity as
shown by the increased levels of brain activity indicators such
as glutathione and caspase 3 and 7. Therefore, the authors
proved that these NPs are promising nanocarriers for AD therapy [85].
Poly-caprolactone was proposed by Lu et al. for the preparation of nanomicelles to encapsulate another natural compound, resveratrol, for AD therapy [127]. The authors studied
the effects of free and loaded resveratrol on the viability of rat
neuronal cells. While encapsulated resveratrol caused no
harmful effects to cells and was able to protect cells against
Aβ-induced damage through the reduction of oxidative stress
and caspase-3 activity, free resveratrol induced cytotoxicity
and failed to protect cells against Aβ-induced damage.
Therefore, the developed nanocarriers proved to be a potential
strategy for AD therapy [127]. The NPs exhibited low negative zeta potential and mean dimensions below 100 nm. Since
the authors did not assess the toxicity of these NPs in vivo, it
lacks information on their safety in acute and chronic
administrations.
A block polymer composed of polysuccinimide functionalized with octadecylamine and ethylenediamine was proposed by Debnath et al. for the preparation of nanomicelles
for the encapsulation of EGCG [99]. The encapsulation of
EGCG was achieved by two different strategies, yielding
two different nanosystems. In the first approach, EGCG was
covalently conjugated at the amine groups at the micelles’
surface. In the second one, the EGCG molecules were noncovalently incorporated inside the micelles. The first DDS
proved to be more efficient in protecting EGCG from external
factors, decreasing its degradation and slowing its release.
Although both developed nanosystems inhibited the Aβ fibrillation more efficiently and enhanced the disintegration of
existing Aβ fibrils than free EGCG, the first nanosystems
proved again to be the more efficient. Both micellar systems
were functionalized with dopamine molecules to enhance the
in vitro uptake by rat’s neuronal cells, since these cells have
high expression of dopamine receptors. Again, the nanosystems in which EGCG molecules were attached at the surface,
proved to be more efficient in reducing Aβ-induced cytotoxicity [99].
Nanospheres were another type of polymeric nanocarrier
proposed for the brain delivery of natural compounds. In fact,
Shea et al. synthesized PEG 1500 decanyl polymer nanospheres for the entrapment of vitamin E [131]. In vitro studies
showed that the encapsulated vitamin E was efficiently
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uptaken by human neuronal cells and retained its ability to
prevent the Aβ-induced generation of ROS. Therefore, the
attained nanosystem may be a suitable strategy for AD’s therapy [131].
Chonpathompikunlert et al. proposed the development of
polymeric NPs composed of a self-assembly amphiphilic
block copolymer of PEG and a nitroxide radical, 2,2,6,6tetramethylpiperidinyl-N-oxyl for the delivery of PIP [115].
Since AD’s pathology is a complex phenomenon caused by
several different factors, the authors intended to combine different molecules for a more promising approach. The used
radical exhibits antioxidant activity by the scavenging of free
radicals. The NPs were evaluated in vitro using a neuronal cell
model of human neuroblastoma and proved to significantly
reduce the ROS levels and protect cells against Aβ-induced
reduction in cell viability [115]. Further animal studies will
allow to validate the in vivo efficacy of this promising DDS.
Hence, to deliver different natural compounds for AD therapy, several different types of polymeric NPs can be proposed
each presenting their advantages and disadvantages.

Lipid-based systems
Lipid-based NPs are promising nanocarriers due to their interesting properties. Since they are composed of lipids, they are
biocompatible and biodegradable. Further, the NPs’ surface
can be easily altered with targeting ligands to more efficiently
reach the brain tissue. Thus, these nanosystems could be a
suitable approach for the transport of natural compounds for
AD therapy (Fig. 4) [162].
Liposomes
Liposomes are vesicles composed of one or more phospholipid bilayers concentrically oriented around an aqueous compartment. These assemblies are formed by amphiphilic structures that have a polar region able to interact with water and a
nonpolar region that tends to avoid contact with water [163].
Liposomes allow the encapsulation of hydrophilic and/or lipophilic molecules. Hydrophilic drugs remain in the aqueous
compartment while lipophilic molecules are located at the
lipid membrane [164]. In addition, liposomes are nontoxic
and biodegradable and can be produced with high purity
[165].
Liposomes may present varied sizes, from small
unilamellar vesicles that present a diameter of less than
100 nm to multilamellar vesicles with a mean diameter between 100 and 1000 nm. Small unilamellar vesicles are often
chosen for efficient and continuous drug release. Liposomes
have the main advantage to present a structure similar to cell
membranes. Consequently, the membrane of liposomes can
fuse with cell membranes, allowing the drug release into the
cytoplasm. Additionally, these NPs are suitable for the
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controlled drug release due to their size, fluidity, permeability
and composition [166]. Commonly, the delivery of active substances in liposomes depends on the nature and concentration
of the phospholipids. The increase of the blood circulation
time of these NPs can be achieved through the addition of
cholesterol, since this molecule increases the stability of the
liposomes [167].
Some natural compounds have been delivered by liposomes. Mourtas et al. produced two types of curcumindecorated liposomes to evaluate their potential as vectors for
targeted delivery [86]. The in vitro results showed that both
nanosystems are stable and have high affinity for Aβ fibrils,
due to the presence of multivalent interactions. Thus, these
DDS can be useful to target curcumin to the Aβ fibrils and
therefore, to ensure that curcumin interacts with them,
inhibiting their formation.
Later, the same group synthetized liposomes to encapsulate
curcumin and target the Aβ deposits and the BBB [87].
Functionalized liposomes with an antibody for the TfR were
produced for this purpose. The prepared NPs showed a negative zeta potential and a mean diameter of less than 160 nm,
making them suitable for brain delivery. Ex vivo studies on
post-mortem brains of AD patients have proven that the nanosystem has great affinity for Aβ deposits, delaying the Aβ
aggregation. Furthermore, the results showed that the addition
of the antibody significantly increased the intake of curcumindecorated liposomes on an in vitro BBB model. This second
DDS seems to be the most promising since, in addition to the
higher affinity for amyloid deposits and negative zeta potential, the NPs were functionalized and presented suitable sizes
to direct the system to the BBB.
Lazar et al. designed curcumin-conjugated liposomes to
develop a potential targeting DDS for AD therapy [88]. The
results showed that this nanosystem is monodisperse (uniform
size), stable and nontoxic to a neuronal cell model of neuroblastoma. The Aβ production was inhibited and the Aβinduced toxicity was partially prevented. Besides, the authors
proved that the curcumin-conjugated liposomes strongly labelled Aβ deposits in an AD mice model and post-mortem
brain tissues of AD patients.
Sokolik et al. compared the effect of free curcumin and
curcumin encapsulated into liposomes after the nasal administration in an in vivo AD rat model [89]. The results showed
that the liposomes increased the efficiency of nasal therapy of
curcumin compared with the soluble drug, both in cognitive
terms as well as in the ability to reduce the neuroinflammation.
Taylor et al. developed liposomes for curcumin delivery for
AD therapy [90]. The authors proposed two different approaches, one with curcumin entrapped in the liposomes and
one with curcumin molecules attached to the surface of the
nanocarrier. Three different lipid ligands, phosphatidic acid,
cardiolipin and GM1 ganglioside, were used to modify
the liposome surface. These molecules have previously
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proved to have high affinity for Aβ aggregates,
inhibiting oligomer and fibril formation [168]. The different liposomes exhibited mean diameters ranging from
60 to 218 nm and negative and positive zeta potential
values depending on the liposome’s composition.
In vitro Aβ aggregation studies demonstrated that all
the prepared liposomes were able to inhibit the formation of Aβ oligomers and fibrils, being the nanoformulation with curcumin attached to the liposome surface
the most effective. Lipid ligands also proved to be able
to efficiently inhibit the formation of Aβ oligomers and
fibril at high ratios [90].
Kuo and Lin developed liposomes for the co-delivery of
curcumin and nerve growth factor for AD therapy [97]. The
surface of the liposomes was conjugated with wheat germ
agglutinin (WGA) molecules to enhance the transport across
the BBB. Cardiolipin molecules were also used to modify the
surface of the nanocarriers to increase the liposomes’ affinity
to Aβ. The obtained liposomes exhibited mean diameters
ranging between 105 and 165 nm, negative zeta potential
values and encapsulation efficiency values of 15 to 35% for
nerve growth factor and 40 to 65% for curcumin. The authors
studied the effect of the incorporation of different ratios of
WGA and cardiolipin molecules in the properties of the obtained liposomes. Results showed that increasing the amount
of cardiolipin increased the liposomes’ dimensions, absolute
surface charge and the encapsulation efficiency of both
curcumin and nerve growth factor. In vitro studies using different human cell lines showed that the developed
nanocarriers were biocompatible, inducing no cytotoxicity.
In vitro studies using a BBB model showed that modification
of conjugation of the liposome surface with WGA significantly increased the permeability of the nanocarriers across the
monolayer. The developed nanosystem was also able to protect neuronal cells against apoptosis induced by Aβ fibrils,
proving that these NPs are promising nanocarriers for AD
therapy.
Mufamadi et al. designed functionalized liposomes to deliver galantamine into PC12 cells, derived from a pheochromocytoma of the rat adrenal medulla [105]. PC12 cell line is a
classical neuronal cell model due to its ability to acquire the
sympathetic neuron features [169]. For this purpose, a synthetic peptide (Lys-Val-Leu-Phe-Leu-Ser) was attached to the liposome surface for the targeted delivery of galantamine. The
obtained NPs were stable, with a high negative zeta potential
and a mean size lower than 165 nm, fundamental features to
ensure the brain delivery. Further, the results revealed that the
nanosystem increased the galantamine uptake by PC12 cells.
Furthermore, ex vivo results revealed that the peptide enhanced the accumulation of this compound into PC12 cells,
which was not observed with free galantamine and nonfunctionalized liposomes. The functionalization of NPs seems
to be useful to increase the galantamine delivery.

Li et al. proposed the delivery of galantamine
hydrobromide using liposomes for intranasal administration
[106]. The developed liposomes exhibited mean diameters
of about 112 nm, negative zeta potential values and encapsulation efficiency values of around 84%. The AChE activity
was measured in male healthy rats treated with free galantamine by oral and intranasal administration and compared with
galantamine entrapped in liposomes administered by intranasal route. The obtained results proved that AChE inhibition is
greater for intranasal administration that compared with oral
administration. Additionally, the results demonstrated that the
liposomes were able to effectively enhance the permeation of
galantamine through the nasal mucosa comparatively with the
free form. Pharmacokinetic behaviour studies were in agreement with the previous results, showing a higher accumulation
in the brain tissue for entrapped galantamine. In vitro studies
using a neuronal cell line proved that these liposomes are
biocompatible and therefore can be safely used for AD
therapy.
Recently, Kuo et al. established quercetin-encapsulated liposomes functionalized with RMP-7 and Lf to permeate a
BBB model of human brain microvascular endothelial cells
and rescue degenerated human neuroblastoma cells [120].
RPM-7 peptide is an analogue of the inflammatory mediator,
bradykinin, that is recognized by its receptors overexpressed
at the BBB [170]. The results demonstrated that the
functionalization of liposomes increased the transport of NPs
across the BBB model without inducing toxicity or damage to
the tight junctions. Moreover, the DDS significantly decreased
the Aβ-induced neurotoxicity, protecting the neurons against
apoptosis and improving the viability of human neuroblastoma cells. Tau phosphorylation, another AD marker, was also
reduced [120]. So, this DDS is promising to target the BBB
and prevent Aβ-induced neurodegeneration.
Taken together, these studies suggest that liposomes are
useful nanocarriers for the AD therapy. They can be produced
by different techniques and materials and deliver different
kinds of therapeutic molecules.

Solid lipid nanoparticles
Solid lipid nanoparticles (SLNs) are nanocarriers composed of
a solid hydrophobic lipid core which allows to encapsulate
hydrophobic drugs. The incorporation of hydrophilic molecules can be achieved at the NP’s surface. This type of
nanocarrier is produced using an oil/water emulsion with solid
lipid at room temperature [171]. SLNs usually present a mean
size between 40 and 200 nm, allowing their transport across
the BBB and its escape from the RES. Their synthesis is cheap
highly reproducible and without requiring organic solvents.
SLNs can be stable for about 3 years and the controlled drug
release for several weeks is achievable [172].
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A comparative study was performed by Ramalingam et al.
to design a suitable DDS for the oral administration of
curcumin [91]. Curcumin was encapsulated into SLNs and
the NP surface was modified with Ch and N-trimethyl Ch
(TMC). SLNs presented a high negative value of zeta potential. The developed TMC-SLNs exhibited mean sizes around
140 nm, and higher stability and oral bioavailability than the
free curcumin, Ch-SNLs and unloaded-SLNs. The in vivo
distribution of curcumin in brain of old mice was also evaluated. The results proved that the nanosystem can cross the
BBB after oral administration. Indeed, TMC-SLNs increased
the concentration of curcumin found in mouse brain, thereby
improving its bioavailability.
Maiti et al. compared the ability of free curcumin and loaded into SLNs (Longvida, Verdure Science) to label ex vivo
and in vivo brain tissues from an AD mouse model with classical Aβ-binding dyes [92]. The results revealed that free and
loaded curcumin-labelled Aβ plaques with greater intensity
than amyloid-binding dyes. Accordingly, curcumin can be
applied as alternative to Aβ-specific antibodies for labelling
and imaging of Aβ plaques, quickly and easily identifying Aβ
plaques in ex vivo and in vivo brain tissues. Recently, the
same group compared the neuroprotective effect of this nanosystem with dietary curcumin on cultured neuronal cell model
of mouse neuroblastoma. Oxidative stress, neuronal death,
phosphorylated tau levels and some cell survival markers were
evaluated after Aβ exposure [93]. The in vitro results demonstrated that SLNs increased the permeability of curcumin,
inhibited ROS production and prevented the apoptotic death.
Furthermore, curcumin-loaded SLNs inhibited the tau phosphorylation, significantly reduced GSK-3 levels and restored cell survival proteins. Both works suggest that this
DDS can be a promising approach for the AD diagnosis and
therapy.
Picone et al. used SLNs to encapsulate FA [101]. The group
evaluated the neuroprotective activity of free and loaded FA
on Aβ oligomer-induced oxidative stress and neuroblastoma
cell death. In vitro results showed that free and FA-loaded
SLNs enhanced cell viability. Moreover, the inhibition of
ROS production and cell apoptosis was intensified by SLNs.
This DDS showed suitable features to ensure brain delivery,
such as stability, mean sizes less than 100 nm and negative
zeta potential values. Therefore, it would be interesting to
perform in vivo experiments to evaluate the efficacity of this
nanosystem in AD models.
Bondi et al. also encapsulated FA into SLNs [102]. The
group proved the ability of unloaded SLNs to be internalized
by human neuroblastoma cells without toxic effects on cell
proliferation. The developed DDS exhibited ideal features
for brain delivery, such as mean size less than 100 nm and a
negative zeta potential. In addition, the encapsulation of FA
into SLNs enhanced the in vitro reduction of ROS production,
when compared with free drug, suggesting a higher protective
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effect against oxidative stress of FA-loaded SLNs than free FA
[101]. Both studies proved the ability of nanosystems to inhibit the in vitro oxidative stress. However, it would be interesting to perform these assays in vivo.
Misra et al. used SLNs for the encapsulation of galantamine [107]. The obtained SLNs were stable, with a mean size
lower than 100 nm and a negative potential zeta. The in vivo
results suggest that galantamine-loaded SLNs significantly
improved the memory restoration in cognitive deficit adult
Wistar rats and doubled the drug bioavailability, in comparison with free drug.
Loureiro et al. developed a targeting DDS using stable
SLNs for the encapsulation of resveratrol and grape extracts
[109]. Grape extracts contain different several polyphenols
including resveratrol. An in vitro BBB model was used to
evaluate the ability of these NPs to cross the BBB. For this
purpose, the NPs were functionalized with OX26 (monoclonal antibody for the TfR) and LB509 (non-specific antibody
for the BBB). The results suggest that the functionalization of
SLNs with OX26 increased the SLN uptake and transcytosis
by human brain-like endothelial cells, in comparison with the
SLNs functionalized with LB509 and non-functionalized
SLNs. Hence, SLNs functionalized with OX26 can be a promising DDS to transport resveratrol and the extracts to the brain
[109]. At a later stage, it would be interesting to use an in vivo
model of AD to prove the beneficial effect of this DDS for AD
therapy.
Patel et al. formulated SLNs into a gel for transdermal
application of HupA [113]. The SLNs proved to have suitable
features to ensure the brain targeting, including a mean diameter around 120 nm and a negative zeta potential. Ex vivo
permeation studies using the skin of healthy rats proved that
the gel was nontoxic for skin application. Besides, the in vivo
efficiency of the formulation was evaluated in scopolamineinduced amnesia mouse model. Results showed that the DDS
significantly improved the cognitive function, in comparison
with the control group.
Yusuf et al. developed a SLN-based targeting nanosystem
to deliver PIP to the brain [116]. Here, polysorbate-80 coating
was successfully used to enhance the transport of the NPs
across the BBB. The NPs presented a negative charge and a
mean size of 300 nm. The ex vivo results showed that this
DDS has antioxidant activity and ability to decrease Aβ and
tangle contents in the brain tissues of AD rat models.
Quercetin was encapsulated in SLNs by two groups.
Dhawan et al. formulated SLNs for intravenous administration
of quercetin [121]. NPs have a mean size lower than 200 nm
and positive charge. In vivo results showed a memory improvement in rats with aluminium-induced dementia after intravenous administration of the nanosystem. Later, Rishitha
et al. studied the ability of quercetin-loaded SLNs to improve
the cognitive performance of pentylenetetrazole (PTZ)-induced dementia on zebrafish [122]. PTZ is an agent that
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induces the neuron damage through the activation of free radicals and apoptotic process. Here, the NPs present sizes higher
than 500 nm and a negative charge. In vivo results suggest that
the developed DDS attenuated the cognitive impairments induced by PTZ.

Nanostructured lipid carriers
Nanostructured lipid carriers (NLCs) are composed of a
solid lipid matrix and a liquid lipid (oil) at room temperature. The mixture of the solid lipid with an incompatible
liquid lipid produces NPs with a high drug loading and
good release properties. The use of liquid lipids affects
the entrapment efficiency due to the numerous crystal defects in solid lipids, causing imperfections in the matrix
that provides sufficient space for the successful accommodation of large amount of drug molecules [171].
Their use as DDS allows to control the drug release and
targeting, increase the drug stability and incorporate lipophilic
and hydrophilic molecules, avoiding the use of organic solvents. NLCs exhibit a biphasic drug release pattern with an
initial burst release followed by a sustained release. The liquid
lipid located in the outer NPs’ layers forms drug-enriched
portion which leads to the burst release. NLCs retain molecules in the solid matrix and protect them from degradation
[173].
Meng et al. developed low-density lipoprotein (LDL)mimic NLCs functionalized with Lf for the brain-targeted
delivery of curcumin [94]. The NPs proved to have optimal features for brain targeting, including a mean diameter around 100 nm and a negative zeta potential.
Experiments performed in an AD rat model proved that
the addition of Lf increased the uptake of the nanosystem
in brain capillary endothelial cells. Ex vivo images confirmed the ability of this system to cross the BBB and
accumulate in the brain. Further, the presence of Lf reduced the AD-induced damage. Thus, this DDS seems to
have the characteristic to be useful in AD therapy.
However, it would be interesting to use the AD model
to evaluate the effect of the nanosystem in the memory
and behaviour of rats.
Patel et al. explored the potential of transdermal delivery
of HupA-loaded NLCs for the AD treatment [113]. This
DDS presented suitable features to be used as vehicle for
brain delivery, including a mean diameter of 137 nm and a
negative zeta potential. The ex vivo permeation profile
across Wistar rat skin was evaluated and the results showed
a high drug permeation ability. Moreover, the gel was tested
and proved to be not toxic for skin application. The nanosystem significantly improved the cognitive function in
scopolamine-induced amnesia mouse model, when compared with the control group.

Lipid-core nanocapsules
Lipid-core nanocapsules (LNCs) are a DDS composed of an
oil core with a polymeric membrane or coating. LNCs are able
to transport the drugs in their reservoir or within a cavity
enclosed by a polymer wall. A slower drug release is observed
with high polymer concentrations. It occurs due to the decrease of the permeability in the polymer membrane of the
vesicular carrier. LNCs are characterized by a lipoproteinlike structure and have an average size ranging from 20 to
100 nm. LNCs can be considered a hybrid between liposomes
and polymeric NPs because they have an oily core with a rigid
tensioactive membrane [174]. Therefore, this DDS is appropriate for the transport of hydrophobic molecules.
Hoppe et al. developed LNCs for curcumin entrapment
[95]. In in vivo experiments using healthy male rats, the animals received intraperitoneally free curcumin or curcuminloaded in LNCs. Results revealed that loaded curcumin in a
20 times lower concentration gave comparable neuroprotective effects to free curcumin. The NPs presented a diameter
close to 200 nm and low negatively charged surfaces. A stability study of these NPs could be an interesting experiment.
Besides, the authors could analyze the release profile of
curcumin.
Frozza et al. encapsulated resveratrol in LNCs that were
administrated by intracerebroventricular injection in male
adult Wistar rats [128]. NPs presented a negative surface
charge and a mean diameter of around 250 nm. The results
demonstrated that resveratrol encapsulated into LNCs reversed the deleterious effects of Aβ more efficiently than the
free resveratrol, such as memory impairment and neuroinflammation. This can be due to the increase of resveratrol
concentration in the brain achieved by LNCs and prevention
of resveratrol degradation [128].
Thus, LNCs can be a good approach to deliver natural
products to the brain. It is important to consider that it is
possible to modulate the release of drugs in these NPs, modifying the polymer concentration. By the increase of polymer
concentration, it is possible to slow the drug release.

Microemulsions and nanoemulsions
Microemulsions (MEs) are homogeneous isotropic mixtures
and can be from two types, oil-in-water (o/w) or water-in-oil
(w/o). They are composed of water, oil and surfactant, commonly mixed with a co-surfactant [175]. Normally, by mixing
an oil phase with an aqueous phase containing a surfactant and
a co-surfactant, the MEs are spontaneously self-assembling,
without any relevant energy input. MEs characteristically
have a diameter between 5 and 100 nm. These NPs are easily
produced, highly soluble, thermodynamic stable and translucence. MEs present a suitable drug release profile, slow degradation and can be modified to be target specific.
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Furthermore, MEs demonstrate to have high absorption rates
and diffusion. Regarding the drug transport, MEs accommodate drugs mostly in the oil phase. Nevertheless, at the equilibrium stage, the drug can be entrapped in the continuous
phase, in the dispersed phase and in the surfactant interphases.
The drug release from MEs depends on several factors such as
the stability of the system on biological conditions and drug
location. However, MEs present some disadvantages. It is
quite complicated to encapsulate lipophilic molecules with
high molecular weight within these nanocarriers. MEs can
also present some toxicity, since they require the use of large
amounts of surfactants to stabilize them [176].
Patel et al. produced a ME for the delivery of HupA. The
microdispersion was prepared into gel for transdermal application [113]. This ME presented a mean diameter close to
150 nm and a surface charge close to zero. The permeation
profiles using healthy rat skin exhibited zero-order kinetics
and did not present toxicity. Further, in vivo experiments
using scopolamine-induced amnesia mice showed a substantial enhancement in cognitive function of animals after the
administration of HupA in the ME. Therefore, these MEs
can protect HupA from degradation before reaching the brain.
R e c e n t l y, S a n g s e n e t a l . f o r m u l a t e d a s e l f microemulsifying system to encapsulate oxyresveratrol and
compare its neuroprotective effect with the free molecule
[177]. Aβ was administered to mice to induce toxic effects
related with AD. The results showed that the ME reduced in
four times the required oxyresveratrol dose to obtain the same
neuroprotective effects than free oxyresveratrol, improving
the efficacy of the molecule.
Nanoemulsions (NEs) are emulsions that contain particles
with a diameter ranging from 20 to 100 nm [178]. The use of
emulsifiers is essential to produce droplets with a small size
[178]. The emulsifier has the ability to decrease the interfacial
tension. Then, the NEs presents enhanced stability compared
with the conventional emulsions. However, NEs present some
disadvantages, such as their stability can be disturbed by pH
and temperature and the release profile is usually slow [179].
Mizrahi et al. used a nanodroplet formulation to encapsulate pomegranate seed oil (PSO) [118]. Pomegranate is a fruit
that contains a variety of antioxidant polyphenols.
Pomegranate reduced Aβ levels and Aβ plaques in an AD
mouse model improving spatial learning and cognitive performance [180]. Further, in vivo analysis revealed that these results could be due to the inhibition of γ-secretase activity,
consequently inhibiting the Aβ production [181]. In addition,
in vivo studies demonstrated that pomegranate has antiinflammatory and antioxidant activities [182]. In this study,
the authors used healthy and AD mice and showed that the
PSO nanodroplets considerably delayed the disease progression when administered to asymptomatic mice and delayed
the disease exacerbation in AD mice model. The DDS did
not decrease scrapie isoform of the prion protein accumulation
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in brain mice. The prion protein is a cell surface receptor for
Aβ oligomers involved in synaptic failure and cognitive impairment [183]. However, brains presented reduced lipid oxidation and neuronal loss [118]. This DDS presented a suitable
size for drug delivery but the authors did not present data
about the charge of the NPs.
Thus, MEs and NEs can be promising DDS to protect and
transport a different range of therapeutic molecules. They
present very similar characteristics. The main difference is
related with their stability. The MEs are thermodynamically
stable; however, the NEs are not [184]. Due to their increasing
interest related with their versatility, these NPs have been applied to deliver some natural products to the brain.

Other nanoparticles
Other types of NPs were studied for the delivery of natural
compounds. Different types of nanomaterials can be used depending on the properties of the molecules to be delivered.
Selenium (Se) was used to formulate NPs for the delivery
of EGCG. Zhang et al. attached EGCG to Se NPs to evaluated
the effect of EGCG on Aβ aggregation [100]. However, these
NPs inefficiently delivered EGCG to the targeted cells (NIH/
3T3 and PC12 cells). To address this issue, Se NPs were
coated with Tet-1 peptide. The authors demonstrated that
DDS inhibited the formation of Aβ fibrils and promoted their
disaggregation in vitro. However, the enhanced cellular uptake efficiency was only observed for the PC12 cells.
Wahba et al. proposed two formulations of NPs to transport
galantamine: ceria-containing hydroxyapatite (GAL-CeHAp) and ceria-containing carboxymethyl Ch-coated hydroxyapatite (GAL-Ce-HAp/CMC) [108]. The GAL-CeHAp system proved to be the most promising candidate for
AD therapy, since successfully upregulated oxidative stress
markers, recovered neurons in hippocampal and cerebral tissues and cleared the Aβ plaques in AD albino rats.
Moreno et al. used zein (a natural protein) to encapsulate
quercetin and studied its effect on senescence-accelerated prone
mice (SAMP8), a model of age-related cognitive decline [123].
Tests comparing the oral absorption of free and loaded quercetin in zein-NPs were performed. It was observed that quercetin
encapsulation considerably increased its oral absorption and
bioavailability, making this system a good approach for the
delivery of quercetin. It was also observed that the expression
of the hippocampal astrocyte marker decreased when encapsulated quercetin was administrated to the animals.
Silica-based NPs are another type of studied formulations.
Nday et al. encapsulated quercetin in silica-based NPs modified with PEG or cetyl trimethylammonium bromide (CTAB)
[124, 125]. Healthy rat neonates were used to prepare hippocampal primary cultures after cervical dislocation. The culture
was exposed to oxidative stress. Here, the bioactivity profile
of quercetin encapsulated in both types of NPs modified with
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PEG or CTAB indicated an improved specificity of antioxidant activity, decreasing the oxidative stress.
Cheng et al. also developed silica NPs for the encapsulation
of curcumin [126]. The strategy presented by the authors proposed the co-delivery of curcumin with a plasmid. The author
intended to achieve a synergy effect between curcumin antioxidant activity and the plasmid enhancement of neurite outgrowth, maximizing therapeutic effects for AD therapy.
Curcumin was entrapped in the NPs and the plasmid was
attached at the NP’s surface. The developed NPs exhibited a
mean diameter smaller than 50 nm and a positive charge. The
authors proved that these NPs can enhance the neurite outgrowth and ROS clearance.
Elnaggar et al. designed a novel modified monoolein
cubosomes (cubs) to carry PIP to overcome its limitations
such as hydrophobicity and first-pass metabolism when it is
orally administrated [117]. Different types of cubs were designed with the purpose to reach the brain area. Cubs were
modified with different materials. In vivo studies in healthy
rats with induced sporadic AD demonstrated that the tweenmodified monoolein cubs (T-cubs) restored the cognitive
functions to the normal levels compared with the other modified cubs. The toxicity of these NPs was accessed and demonstrated to be safe for the brain, kidney and liver.
Hagl et al. used micelles composed by Tween 80 to encapsulate curcumin [96]. For the ex vivo studies, the authors used
dissociated brain cells and for the in vivo experiments, they
used healthy mice. After oral administration, free curcumin
prevented the mouse brain mitochondria from swelling. The
phenomenon led to the decrease of mitochondrial permeability transition pore, preventing injuries. This effect was enhanced when the curcumin was encapsulated in the micelles.
Moreover, the authors observed that the encapsulated
curcumin enhanced the bioavailability of free curcumin
around 10- to 40-fold in plasma and in mouse brain.
Fig. 5 Schematic representation
of the distribution of the NPs for
the encapsulation of NC for AD
therapy. This chart was
constructed based on the works
reported in this review

Global opinion and future perspectives
Several natural products from distinct sources have been described as therapeutic agents for the AD therapy. The incidence of this disorder can be related with several mechanisms,
and therefore, natural compounds with the ability to act in
various ways seem to be the most promising. However, these
products do not show promising results in clinical trials, due to
some disadvantages that hinder their therapeutic activity. In
fact, it is notorious that most of the natural products have some
characteristics that cause their failure in the therapy for AD
patients such as low solubility, absorption and bioavailability,
in vivo instability, high molecular weight, difficulty to reach
the brain, high systemic clearance and harmful effects [5]. At
the moment, some natural supplements are available in the
market with the aim of preventing and/or improving the symptoms related with the disease such as memory loss. However,
none of them was reported to treat AD or delay the progression of the disease [185].
Some strategies have been developed to overcome these
issues. Among them, nanotechnology seems to be a promising
approach for the scientific community. In fact, DDS have been
studied in the last decades to increase the bioavailability of
natural products, to direct them to the brain, by the improvement of the transport across the BBB, and to ensure a controlled drug release, with less side effects. Additionally, the
use of DDS masks the physicochemical properties of the compounds, preventing their degradation [186].
This review demonstrated that different nanomaterials were
proposed for the delivery of natural compounds for the AD
therapy, as Fig. 5 shows. Polymeric NPs and SLNs were the
most studied nanosystems for the delivery of natural products
for AD therapy, corresponding to around 40 and 22% of the
developed DDS, respectively. In fact, these two kinds of NPs
have revealed promising results both in vitro and in vivo for
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the AD therapy due to their features, such as biocompatibility,
easy and low-cost production methods, being FDA approved,
providing a sustained and controlled release and high stability
at storage conditions. Amongst the polymeric nanocarriers,
PLGA carriers are the most popular, accounting for more than
50% of the reported polymeric nanosystems.
Several nanomaterials can be used to produce NPs for drug
delivery. However, the choice of the best nanosystem will
depend mainly on the physicochemical properties of the drug
to be delivered [186]. Nevertheless, the DDS efficacy will be
affected by their size, surface charge, hydrophobicity and administration route because they can affect the stability in circulation, drug release, BBB crossing, clearance and induce
toxicity [187].
In fact, the NP size is one of the key features to consider
since it can affect their circulation in the body with consequent
difficulty to target the brain, drug release and clearance.
Evidences suggest that NPs larger than 200 nm are cleared
from the blood circulation by the lymphatic system and cannot
cross the BBB. Furthermore, NPs too small can be toxic since
with the size reduction, the surface area of the NP increases
[188]. Several techniques can be used to measure NPs size
including dynamic light scattering and transmission electron
microscope. It is recommended to use more than one method
to obtain robust results.
Surface charge is another crucial feature to consider when
designing a DDS since it is an indicator of NPs aggregation.
NPs with high absolute values of zeta potential are repulsed
from each other, preventing their aggregation. Although several studies demonstrated that cationic NPs can be easily internalized by cells, they can have high toxicity since they can
cause the destabilization of the cell membranes due to electrostatic interactions, contrasting to the neutral and anionic NPs
[188]. Besides, evidences proved that neutral and low concentration of anionic NPs does not affect the BBB integrity, unlike high concentration of anionic and cationic NPs that can
induce BBB toxicity [187].
Concerning the hydrophobicity of NPs, the hydrophobic
ones are more likely to be eliminated due to higher binding
of blood components. Thus, it is useful to modify the NP
surface increasing their hydrophilicity, typically with PEG or
polysorbate 80, to avoid their recognition by the RES, thus
increasing their circulation time [188].
The most effective route to deliver drugs into the brain is
the intranasal delivery, since drugs can enter directly into the
brain through the olfactory mucosa, bypassing the BBB [189].
However, drugs delivered by this route shown higher difficultly to efficiently achieve therapeutic levels, due to the reduced
dose-volume administration allowed by the nasal cavity [21].
To overcome this limitation, other administration routes
(intravenous, intramuscular, among others) have been used
to deliver drugs into the brain. However, the BBB presents a
limitation since this barrier protects the brain from potentially
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toxic substances present in the systemic circulation, including
large molecules and NPs. Thus, functionalization strategies
are frequently performed to direct DDS to the brain, reducing
the side effects. In fact, targeting molecules, such as ligands,
antibodies, peptides and other moieties, are linked to the NPs’
surface and recognized by the targeted tissue receptors [190].
It is important that these receptors are found in higher expression in the capillary endothelial cells at the BBB than in other
cells. Among the described targets for the BBB, the TfR
targeting remains the most used since it ensures effective
doses of DDS in the brain [191].
However, some moieties usually used in this strategy, such
as antibodies, increase the production cost, making it difficult
to scale up, a crucial step to create a therapeutic product available in the market [192]. Also, in some cases, the use of
targeting moieties does not reflect in significant increased
brain accumulation. This can explain why no clinical trials
with delivered natural compounds were reported. The other
issues mentioned above also can be related with the lack of
ongoing or successful clinical trials such as low therapeutic
efficiency and toxicity of the nanosystem. In vivo and clinical
data studying the toxic effects induced by NPs on brain delivery are very scarce and it is not correct to extrapolate the
obtained in vitro results. However, among the described NPs
in this review, it is consensual that liposomes are promising
DDS, once they present low toxicity due to their lipid composition [190]. It is difficult to choose an ideal DDS for all the
aforementioned reasons.
The prediction of NPs in vivo behaviour remains the major
limitation once it is difficult to mimic biological systems.
Therefore, it is crucial to develop new strategies able to optimize the DDS for the delivery of therapeutic molecules to
obtain promising results in AD patients. Thus, more in vitro
and in vivo studies are needed, before DDS can be successfully used for the AD therapy.

Conclusion
AD is a neurodegenerative disease with an increasing incidence. Unfortunately, this disease remains without cure, being
that the current medication only aims to control the symptoms.
Although the delivery of numerous natural products proved to
be useful in a preclinical stage of the AD therapy, no clinical
trials were reported. Thus, it is urgent to perform further studies to confirm the already described results and develop new
strategies to improve the therapeutic effect of natural
compounds.
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