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Abstract: For brain protection, the blood–brain barrier and blood–cerebrospinal fluid barrier limit
the traffic of molecules between blood and brain tissue and between blood and cerebrospinal fluid,
respectively. Besides their protective function, brain barriers also limit the passage of therapeutic
drugs to the brain, which constitutes a great challenge for the development of therapeutic strategies
for brain disorders. This problem has led to the emergence of novel strategies to treat neurologi-
cal disorders, like the development of nanoformulations to deliver therapeutic agents to the brain.
Recently, functional molecular clocks have been identified in the blood–brain barrier and in the
blood–cerebrospinal fluid barrier. In fact, circadian rhythms in physiological functions related to
drug disposition were also described in brain barriers. This opens the possibility for chronobiological
approaches that aim to use time to improve drug efficacy and safety. The conjugation of nanofor-
mulations with chronobiology for neurological disorders is still unexplored. Facing this, here, we
reviewed the circadian rhythms in brain barriers, the nanoformulations studied to deliver drugs to
the brain, and the nanoformulations with the potential to be conjugated with a chronobiological
approach to therapeutic strategies for the brain.

Keywords: blood–brain barrier; blood–cerebrospinal fluid barrier; circadian rhythms;
nanoformulations; nanoparticles; liposomes; nanotubes; exosomes

1. Introduction

Neurological disorders represent the second leading cause of death and the principal
motive of disability-adjusted life-years. Disability-adjusted life-years correspond to the
sum of the years lived with disability and the years of life lost [1]. Part of this problem
is due to the difficulty of developing therapeutic agents to treat brain disorders [2]. This
difficulty arises due to the presence of brain barriers that limit the traffic of molecules
into the brain tissue. Brain barriers are specialized structures composed of endothelial or
epithelial cells sealed by tight junctions. The epithelial and endothelial cells of the brain
barriers express membrane transporters, membrane receptors, and detoxification enzymes,
which, together with tight junctions, control the passage of substances into the brain. The
blood–brain barrier (BBB) is the most important brain barrier and is composed of brain
capillary endothelial cells. The BBB is responsible for limiting the traffic of molecules
between blood and brain tissue [3]. In addition to the BBB, the blood–cerebrospinal fluid
barrier (BCSFB) is composed of choroid plexus epithelial cells and limits the traffic of
substances between the blood and the cerebrospinal fluid (CSF) contained in the brain
ventricles [4].

Circadian rhythms are rhythmic daily oscillations in biological functions developed
by living organisms to adapt to environmental changes [5,6]. These daily rhythms are
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driven by molecular clocks where specific genes (the clock genes) undergo transcriptional-
translational feedback loops (TTFLs). The core loop involves the formation of a het-
erodimeric complex by the circadian locomotor output cycles kaput (CLOCK) and brain
and muscle ARNT-like 1 (BMAL1) proteins, which regulate many clock-controlled genes
(CCGs). Among those CCGs, the CLOCK-BMAL1 complex positively regulates the ex-
pression of the repressor regulators’ cryptochrome (Cry) and period (Per). The respective
proteins of Per and Cry genes form a complex that interacts with the complex formed by
CLOCK and BMAL1, leading to the repression of their own transcription [7]. The circadian
system has a hierarchical organization where the suprachiasmatic nucleus of the hypotha-
lamus (SCN) functions as the master clock. The SCN clock is responsible for receiving
light cues from the retina and for the synchronization of the peripheral clocks across the
body [8]. Functional circadian clocks were recently discovered and characterized in the BBB
and in the BCSFB [9–11]. Circadian rhythms involved in some functions related to drug
disposition in these two barriers were also reported. For example, in the BBB, ABCB1, also
known as p-glycoprotein, showed a circadian function, and the transport of methotrexate
across the BCSFB showed a daily oscillation [11,12]. This opens a pathway for the future
development and improvement of chronobiological therapeutic strategies for neurological
disorders which incorporate the best timing for drug administration in order to improve
the efficacy and safety of a therapeutic agent.

To overcome the difficulty of developing treatments for brain disorders, the develop-
ment of nanoformulations has emerged as a novel strategy to effectively deliver a therapeu-
tic agent to the brain. For example, these nanoformulations can be nanoparticles, liposomes,
or nanotubes. Nanoformulations like nanoparticles aim to improve bioavailability, increase
the half-life, and target the therapeutic agent to a specific site [13]. Targeting a specific
site normally involves the functionalization of the nanocarriers with a specific ligand for
a membrane protein [14]. Furthermore, nanocarriers could also incorporate inhibitors of
the efflux pumps [15]. According to this, for neurological disorders, nanoformulations can
make use of the transport mechanisms across the brain barriers and evade the high efflux
activity in these barriers.

Due to the challenges of developing pharmacological therapies for neurological disor-
ders, novel therapeutic strategies have emerged and are still emerging. The development
of nanoformulations and chronobiological approaches constitute a novelty in this field,
and the connection between the two strategies is still unexplored. For example, nanofor-
mulations functionalized with a ligand for a receptor that undergoes circadian oscillations
could be a suitable strategy to improve the efficacy and safety of a certain therapeutic
agent. Therefore, this manuscript aims to review the circadian rhythms in brain barriers,
the nanoformulations studied for delivering drugs to the brain, and the nanoformulation
with the potential to be conjugated with a chronobiological approach.

2. General Characterization of Brain Barriers

Due to its vital functions, the brain is the most protected organ in the human body.
The exchange of substances between the blood and the brain needs to be strictly regulated.
For that function, specialized structures are present in the central nervous system. The
BBB limits the traffic of substances between the blood and the brain tissue, while the
BCSFB limits the exchange of substances between the blood and the CSF. For a barrier to
function properly, brain barriers must allow for the passage of substances like nutrients,
ions, hormones, and vitamins, and must be impermeable to xenobiotics and noxious
compounds. This protective function also accounts for the impermeability of the brain to
therapeutic agents. This selectivity of passage is ensured by some molecular characteristics
of physiological barriers. The presence of tight junctions, efflux and influx transporters,
metabolizing enzymes, and membrane receptors is responsible for traffic selectivity across
the brain barriers. A schematic illustration of the BBB and the BCSFB is represented
in Figure 1.
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Figure 1. Schematic illustration of the blood–brain barrier (BBB) and blood–cerebrospinal fluid barrier 
(BCSFB). The BBB is composed of brain capillary endothelial cells, which are sealed by tight junctions 
and form non-fenestrated capillaries. Pericytes reside in the abluminal side of brain capillaries and 
incompletely cover the neurovascular tube. Astrocytes’ endfeet are also part of the BBB and almost 
completely cover the neurovascular tube at the abluminal side. The BCSFB is composed by choroid 
plexus epithelial cells (CPECs). CPECs are disposed as a monolayer of cuboidal cells, below which 
resides a highly vascularized connective tissue with fenestrated capillaries. The molecular hallmarks 
to limit the traffic of substances that brain barriers possess are also represented in the figure. Tight 
junctions prevent the paracellular passage of substances. ATP-binding cassette (ABC) transporters 
couple the extrusion of molecules with the hydrolysis of ATP. The solute carrier (SLC) transporters 
are involved in the transportation of substances by facilitated diffusion or by secondary active 
transport. The presence of membrane receptors can mediate the endocytosis and the transcytosis of 
substances across the brain barriers. Finally, the presence of metabolizing enzymes can induce 
chemical modifications in a variety of substances. 

Figure 1. Schematic illustration of the blood–brain barrier (BBB) and blood–cerebrospinal fluid barrier
(BCSFB). The BBB is composed of brain capillary endothelial cells, which are sealed by tight junctions
and form non-fenestrated capillaries. Pericytes reside in the abluminal side of brain capillaries and
incompletely cover the neurovascular tube. Astrocytes’ endfeet are also part of the BBB and almost
completely cover the neurovascular tube at the abluminal side. The BCSFB is composed by choroid
plexus epithelial cells (CPECs). CPECs are disposed as a monolayer of cuboidal cells, below which
resides a highly vascularized connective tissue with fenestrated capillaries. The molecular hallmarks
to limit the traffic of substances that brain barriers possess are also represented in the figure. Tight
junctions prevent the paracellular passage of substances. ATP-binding cassette (ABC) transporters
couple the extrusion of molecules with the hydrolysis of ATP. The solute carrier (SLC) transporters
are involved in the transportation of substances by facilitated diffusion or by secondary active
transport. The presence of membrane receptors can mediate the endocytosis and the transcytosis
of substances across the brain barriers. Finally, the presence of metabolizing enzymes can induce
chemical modifications in a variety of substances.
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2.1. Blood–Brain Barrier

The principal component of the BBB (Figure 1) is brain capillary endothelial cells.
The brain capillary endothelial cells are sealed by the presence of thigh junctions. Brain
capillaries are non-fenestrated and are surrounded by a basement membrane at the ablu-
minal side. Pericytes sit in the basement membrane, incompletely covering the capillary
tube. Pericytes are connected to the endothelial cells via gap junctions and peg-and-socket
interactions mediated by N-cadherin. Astrocytes’ endfeet almost completely cover the cap-
illary tube [3,16–18]. Pericytes and astrocytes are important regulators of the BBB functions
ensured by the brain endothelial cells [19–21].

In terms of impermeability, tight junctions impair the paracellular movement of
molecules. Claudins are one of the types of protein that belongs to thigh junction complexes
and are responsible for paracellular sealing [22,23]. Claudins can be divided into two main
groups. Barrier-forming claudins are associated with an increase in transendothelial re-
sistance, while pore-forming claudins are associated with a decrease in transendothelial
resistance due to their permeability to ions [24]. The most expressed claudin in brain
capillaries is claudin-5 [25]. Claudin-5 is a barrier-forming claudin cited as the gatekeeper
of the central nervous system [26]. In contrast to what occurred in wild-type mice, the
BBB was permeable to small molecules in knock-out mice for the claudin-5 gene [27]. The
brain capillary endothelial cells at their luminal surface express ATP-binding cassette (ABC)
transporters responsible for the efflux of hydrophobic molecules back into the bloodstream.
Among the ABC transporters involved in the efflux of xenobiotics and drugs, ABCB1,
ABCC4, ABCC5, and ABCG2 are all expressed in the luminal side of brain endothelial
cells [28–31]. The expression of drug-metabolizing enzymes is also a characteristic of physi-
ologic barriers. Cytochrome P450 (CYP) 1B1 and CYP2U1 are the most expressed CYP450
family members in the brain capillaries [32]. The expression of CYP3A4, which metabolizes
nearly of 50% of the available drugs [33], was not detected in brain capillaries [32]. In
addition to CYP450 enzymes, protein expression of several isoforms of aldehyde dehydro-
genase, glutathione S-transferase, and carbonyl reductase, as well as epoxide hydrolase 1,
was detected in brain capillaries [34].

Solute carrier (SLC) transporters and membrane receptors can mediate and participate
in the uptake of substances by the brain. Brain capillaries express a wide array of SLC
transporters. The SLC transporters expressed in the BBB are widely documented in the
following citation [35]. SLC family membranes transport a wide array of chemically differ-
ent substances. Some examples are amino acids, sugars, nucleotides, and hormones [35].
Relative to the endocytic route, the brain epithelium is characterized by low vesicular traffic.
Although some membrane molecules like insulin and transferrin (Tf) receptors are present
in the brain endothelial cells, these receptors are involved in receptor-mediated transcitotic
and endocitotic events [14,36].

2.2. Blood–Cerebrospinal Fluid Barrier

The BCSFB (Figure 1) is composed by choroid plexus epithelial cells (CPECs), which
are bound together by tight junctions. A choroid plexus (CP) is located in each of the
four brain ventricles, forming an interface between the blood and CSF. Each CP is composed
of a monolayer of cuboidal epithelial cells that rest in a basement membrane. Below the
basement membrane resides a network of fenestrated capillaries surrounded by connective
tissue rich in fibroblasts and immune system cells [37–39].

In addition to the barrier function, the CP is responsible for the majority of CSF
secretion. CSF secretion involves the active transport of Na+, Cl−, and HCO3

− to CSF. The
transport of these ions creates an osmotic gradient causing the movement of water toward
the brain ventricle [37,40,41].

Relative to barrier functions, CPECs are closely bound together by the expression
of apical tight junctions. Claudins-1, -2, and -3 are the most expressed claudins in the
CP [37]. Claudins 1 and 3 are barrier-forming claudins, while claudin 2 is a pore-forming
claudin selective for cations [24]. In addition to the permeability of cations like K+ and
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Na+, the expression of claudin-2 was also reported to enhance the paracellular permeability
of water [42]. Like brain endothelial cells, CPECs also express ABC drug transporters.
ABCC1 and ABCC4 were found to be expressed in the basolateral side of the membrane
of CPECs [43–45]. Data from rodents have shown an apical localization of ABCG2 and
a subapical localization of ABCB1 in CPECs [45,46]. Moreover, in addition to the pres-
ence of ABC drug transporters, the CP also shows marked glutathione-s-transferase and
sulfotransferase activity [37].

Besides the impermeability of deleterious compounds, BCSFB needs to be permeable
to some ions and molecules necessary for brain function. Many SLC transporters, which
are normally associated with the influx of substances, are expressed in CPECs [47]. Sev-
eral of them are associated with the transport of ions, sugar, amino acids, vitamins, and
hormones [48–52]. Also, in the BCSFB, several receptors involved in the transportation of
substances are expressed in the CP. Some examples are the Tf, insulin, and low-density
lipoprotein (LDL) receptors, as well as the folate receptor α (FRα), which, in the brain, is
specifically expressed in the CP [53].

3. Mechanisms of Transport in Brain Barriers

Passive diffusion involves the passage of a substance across the plasma membrane
by dissolution in the phospholipid bilayer. This mechanism does not involve a membrane
protein, and the direction of the transport is according to a concentration gradient. Passive
diffusion is a non-specific mechanism of transport, where the transfer rate is limited by
the size and hydrophobicity of the molecules. Only small and hydrophobic molecules
are able to pass the brain barriers by passive diffusion. In the case of the BBB, molecules
should have a partition coefficient (LogP) between 1.5 and 2.5 and a molecular size of less
than 400/500 Da [54]. In addition to the limitations of size and lipidic solubility, passive
diffusion is also limited due to the presence of ABC transporters in the plasma membrane,
as well as by the presence of metabolizing enzymes (Figure 2).

The efflux transport by ABC transporters is also a hallmark of brain barriers. ABC
transporters actively efflux substances out of the cells by primary active transport. They
couple the efflux of a substance against the electrochemical gradient with the hydrolysis of
ATP [55]. ABC transporters are capable of transporting a great variety of endogenous and
exogenous substances. Relatively to therapeutic agents, ABC transporters can transport
antidepressants, antiemetics, antiepileptics, antipsychotics, antivirals, antibacterial agents,
and many other drugs belonging to other classes [56]. Contrary to the BBB, where the ABC
transporters are expressed in the blood-faced side of the plasma membrane [28–31], data
from rodents show a luminal expression of ABCG2 in the CPECs [46], indicating that an
efflux back to the CSF can also occur.

Brain barriers also have to be permeable to some biologically active molecules. SLC
transporters, responsible for the carrier-mediated transport mechanism, are widely associ-
ated with the transport of substances by brain barriers to supply nutrients to the brain tissue.
This makes the SLC transporters a suitable target for drug development. In their vast ma-
jority, SLC family members are facilitative or secondary-active transporters. The secondary
active transport relies on ion gradients to transport substrates against their electrochemical
gradient [57]. For carrier-mediated transcytosis, a substance needs to circumvent brain
barriers through influx at the blood-facing membrane and efflux at the opposite side of the
plasma membrane from the brain barrier’s epithelial or endothelial cells. The SLC trans-
porters are very heterogenous in structure and range from highly selective transporters to
transporters capable of carrying a great diversity of chemically distinct molecules [57,58].
Sugars, amino acids, nucleotides, organic ions, vitamins, and hormones constitute several
classes of substrates transported by the carrier-mediated mechanism [57]. Several drugs
have been identified to be transported by SLC family members. The antiparkinsonian agent
L-DOPA and the anticonvulsant gabapentin are substrates of the large neutral amino acids
transporter 1 (LAT1) [59,60]. LAT1 is a heterodimeric transporter formed by SLC7A5 and
SLC3A2 and is found to be expressed in the brain barriers [51,61,62]. Moreover, members
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of the SLC22 and SLCO subfamilies are widely expressed in brain barriers and are greatly
associated with drug transportation [63,64]. The conjugation of nanocarriers with sub-
strates of SLC transporters constitutes a nanotechnological approach to study the delivery
of drugs through a carrier-mediated mechanism [65].
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Figure 2. Mechanisms of transport across brain barriers. Small hydrophobic molecules can pass the
brain barriers by passive diffusion. The ATP-binding (ABC) cassette transporters transport a great
variety of xenobiotics and therapeutic drugs. ABC transporters couple the extrusion of hydrophobic
molecules with the hydrolysis of ATP. The solute carrier (SLC) transporters are responsible for carrier-
mediated transport. SLC transporters are very heterogenous in structure and function and transport
substances by facilitative or secondary-active transport. Receptor-mediated transcytosis involves
the binding of a membrane receptor with the subsequent formation of an endocytic vesicle which
later fuses with the opposite site of the plasma membrane to release the cargo. In the blood–brain
barrier, positively charged substances can pass across the endothelial cells by adsorptive-mediated
transcytosis due to the negative charge at the surface of the plasma membrane.

Receptor-mediated transcytosis is the most specific transport mechanism due to the
binding of specific ligands to its membrane receptor. Large molecules, like insulin and
lipoproteins, cross brain barriers through this transport mechanism. Receptor-mediated
transcytosis involves the binding of a molecule to a specific membrane receptor with con-
sequent endocytosis of the ligand-receptor complex, the trafficking of the vesicle through
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the endosomal complex, and the fusion of the endocytic vesicle with the opposite side
of the plasma membrane [53]. The endocytic vesicle, intracellularly, could also fuse with
the lysosomes, and the molecular cargo would be released in the cytoplasm. When de-
veloping nanocarriers conjugated with a ligand specific for a receptor, the fusion of the
endocytic vesicle with the lysosome must be avoided [66]. Brain capillary cells express
membrane receptors involved in the transport of molecules. The most studied ones are
the transferrin, insulin, and LDL receptors [14]. These receptors are also among those
with potential interest for delivering drugs across the BCSFB [53]. In the BCSFB, FRα
could also be interesting because, in the brain, FRα is only expressed in the CP. Besides
receptor-mediated transcytosis, membrane receptors could also participate in the hybrid
mechanism. For example, in the BCSFB, endocytosed folates released in the cytoplasm can
be transported across the apical membrane by the reduced folate carrier [53]. Moreover, a
basal-to-apical transport of folates and FRα with a release at the CSF side of the plasma
membrane via exosomes was also reported [67].

In the BBB, adsorptive-mediated transcytosis was also identified. Adsorptive-mediated
transcytosis is mediated by the electrostatic interaction of positively charged substances
with the negatively charged molecules in the cell surface at physiological pH [68–70]. After
the interaction at the luminal surfaces of brain endothelial cells, an endocytic vesicle is
formed. The negative charge of the opposite side of the plasma membrane could facilitate
the exocytosis of the positively charged molecule [68]. This mechanism is possible due
to the presence of sialic acid glycoconjugates and heparan sulfate proteoglycans at the
luminal side, and the presence of chondroitin and heparan sulfate-rich proteoglycans at the
abluminal side, of the brain endothelial cells [70].

4. Circadian Rhythms in Brain Barriers
4.1. Circadian Rhythms in the Blood–Brain Barrier

There are only a few studies of circadian rhythms in the BBB. The available studies
are summarized in Table 1. The molecular clock of pericytes controls BBB paracellular
permeability. In brain-specific Bmal1 knock-out mice, an increase in BBB permeability to
Evan blue and biotin was reported. The knock-out of Bmal1 in the pericyte cell line TR-PCT1
downregulated the expression of platelet-derived growth factor receptor (PDGFR) β [71].
PDGFRβ functions as a receptor for platelet-derived growth factor (PDGF) BB, which is
secreted by the endothelial cells. The signaling between these two molecules is important
for BBB integrity [20]. Also, there are available data reporting that BBB permeability to Evan
blue was not significantly different between Bmal1 knock-out mice and their littermate
controls [72].

A functional molecular clock in the BBB was recently discovered. The circadian clock
genes Bmal1, nuclear receptor subfamily 1 group D member 1 (Nr1d1), Per2, albumin D-box
binding protein (Dbp), Hepatic leukemia factor (Hlf ), and thyrotroph embryonic factor (Tef )
are rhythmically expressed in mouse brain endothelial cells. That rhythmicity is lost in
mice with a specific deletion of the endothelial Bmal1 gene [11]. Bmal1 was also reported
to be expressed in a circadian manner in the brain microvessels of Wistar rats [73].

Regarding the efflux function at the BBB, the limited available evidence is focused on
the ABCB1 efflux transporter. Wistar rats showed a higher brain permeability to MC225,
an ABCB1 substrate, at Zeitgeber time (ZT) 15. The peak is coincident with the rodents’
active phase [74]. Specific deletion of the Bmal1 gene in mice endothelial cells abrogated the
oscillation in ABCB1-mediated Rhodamine123 efflux [75]. The same results were obtained
for Rhodamine B. However, the expression of Abcb1 genes was not rhythmic either in the
control mice or in mice with a deletion of endothelial Bmal1 [11]. The protein expression
of mouse ABCB1 in the brain capillaries showed no significant differences between ZT
0 and ZTs 6, 12, and 18 [76]. Moreover, in vitro experiments with the human cerebral
microvascular endothelial cell line (hCMED/D3) suggest that the circadian oscillations in
ABCB1 functionality may possibly be driven by rhythms in Mg2+ levels. Mg2+ acts as a
cofactor for ABC transporters. The rhythmic levels of Mg2+ in hCMED/D3 are mediated
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by the transient receptor potential cation channel (TRPM7), the gene expression of which is
directly modulated by the molecular clock [11]. The circadian regulation of efflux activity
by the rhythmicity of Mg2+ levels was also observed in experiments with Drosophila [77].

Table 1. Summary of the studies involving circadian rhythms in the blood–brain barrier (BBB).

Topic Species/Cell Line Results References

Clock genes
C57BL/6J mice background

(Bmal1fl/fl (control) and Bmal1fl/fl;
Tie2: Cre)

The following genes were rhythmically expressed in mice brain
endothelial cells: brain and muscle ARNT-like 1 (Bmal1), nuclear
receptor subfamily 1 group D member 1 (Nr1d1), period (Per) 2,
albumin D-box binding protein (Dbp), hepatic leukemia factor

(Hlf ), and thyrotroph embryonic factor (Tef ). The rhythmicity of
these genes was lost in mice with an endothelial-specific

Bmal1 deletion.

[11]

Male Wistar rats Bmal was showed to be rhythmically expressed in the brain
microvessels of Wistar rats. [73]

hCMED/D3 cell line Bmal1 gene transcript showed a circadian rhythm in the human
brain microvascular endothelial cell line hCMED/D3. [11]

Blood–brain barrier
(BBB) permeability

C57BL/6J mice background
(Bmal1fl/fl (control) and Bmal1fl/fl;

Nestin: Cre)

BBB permeability to Evans blue and biotin was increased in brain
Bmal1 knock-out mice when compared to their littermate controls. [71]

C57BL/6J mice
BBB permeability to Evans blue was not significantly different

from Bmal1 knock-out mice or their
littermate controls.

[72]

ATP-binding cassette
(ABC) transporters Male Sprague–Dawley rats Wistar rats showed higher brain permeability to the ABCB1

substrate MC225 at Zeitgeber time (ZT) 15. [74]

C57BL/6J mice background
(Bmal1fl/fl (control) and Bmal1fl/fl;

VECadherinERT2: CRE)

The deletion of Bmal1 in mice endothelial cells resulted in the
abrogation of the circadian oscillations of ABCB1-mediated

Rhodamine123 brain efflux.
[75]

C57BL/6J mice background
(Bmal1fl/fl (control) and Bmal1fl/fl;

Tie2: Cre)

The deletion of endothelial Bmal1 resulted in the loss of the
rhythmic oscillation in Rhodamine B (substrate of ABCB1) brain
efflux. However, the expression of the two rodent abcb1 genes

(abcb1a and abcb1b) was not rhythmic either in the control mice or
the mice with a specific deletion for endothelial Bmal1.

[11]

C57BL/6J mice background
(Bmal1fl/fl (control) and Bmal1fl/fl;

Tie2: Cre)

Among various tested members of the ABC family, a microarray
study reported that the Abcg2 gene was the only one presenting

circadian oscillations in brain endothelial cells. The circadian
oscillation of Abcg2 was not dependent on Bmal1.

[11]

C57BL/6N male mice

A quantitative proteomic analysis showed that the protein
expression of ABCB1 (a and b), ABCC4, ABCC9, and ABCG2 in

mouse brain capillaries was not significantly different between ZT
0 and ZT 6, 12, and 18.

[76]

hCMED/D3 cell line Abcb1 gene transcript and protein expression were not rhythmic in
the human brain microvascular endothelial cell line hCMED/D3. [11]

Solute carrier
(SLC) transporters

C57BL/6J mice background
(Bmal1fl/fl (control) and Bmal1fl/fl;

Tie2: Cre)

Slc7a5, which encodes for the large neutral amino acid transporter
1 small subunit 1, is rhythmically expressed in mouse brain

endothelial cells. The rhythmic expression of Slc7a5 is
independent of Bmal1, since the expression was rhythmic either in

brain endothelial cells from control mice or mice negative for
endothelial Bmal1.

[11]

C57BL/6N male mice
Among various SLC proteins tested, a quantitative proteomic

analysis only showed differences for SLC9A3R2 expression
between ZT0 and ZT6, 12, and 18.

[76]

Membrane receptors C57BL/6N male mice
A quantitative proteomic analysis showed that the protein

expression of insulin and transferrin receptors did not present any
significant differences between ZT0 and ZT6, 12, and 18.

[76]

Tight junctions C57BL/6N male mice
A proteomic analysis showed no significant differences in protein

expression for claudin 5, occludin, and tight junction protein
1 between ZT0 and ZT6, 12, and 18.

[76]

Still, in ABC transporters, a microarray experiment that contemplated various mem-
bers of the ABCA, B, C, and G subfamilies reported that only Abcg2 was expressed in a
circadian manner in mouse brain endothelial cells. For the various members of the ABCC
subfamily, also known as multidrug resistance proteins, none of the tested transcripts
showed daily rhythmicity in their expression [11]. Through a quantitative proteomic analy-
sis, the expression in mouse brain capillaries of a vast array of proteins involved in BBB
barrier function was compared between ZT 0 and ZT 6, 12, and 18. The expression of
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ABCB1, ABCC4, ABCC9, and ABCG2 showed no significant differences between ZT 0 and
the other ZTs tested [76].

In the case of SLC transporters, Slc7a5, which encodes for the large neutral amino
acid transporter 1 small subunit 1, showed a circadian rhythm in mouse brain endothelial
cells [11]. LAT1 is capable of transporting the therapeutic agents L-DOPA and Gabapentin [59,60].
The rhythmic expression of Slc7a5 could possibly contribute to circadian oscillations in
brain permeability to large neutral amino acids. A study with Sprague–Dawley rats re-
ported significant differences in brain permeability between two time points of all large
neutral amino acids (LNAAs), except for leucine and isoleucine [78]. However, according to
the proteomic quantitative assay performed by Ogata et al., in mouse brain capillaries, no
differences in protein expression between ZT0 and ZT6, 12, and 18 for SLC7A5 and SLC3A2
were reported [76]. SLC3A2 constitutes the heavy subunit of LAT1 [62]. Moreover, the
brain levels of total LNAAs were not different between two distinct time points [78]. These
data may comprise the possible involvement of LAT1 in the daily variation of permeability
to LNAAs. Also, among the SLC proteins tested in mouse brain capillaries, only SLC9A3R2
showed significant differences between ZT0 and ZT 6 and ZT0 and ZT 18 [76]. SLC9A3R2
is a regulatory protein that interacts with the sodium/hydrogen exchanger (NHE) 3 [79].
The protein expression of some important SLC transporters, like the glucose transporter
(GLUT) 1, the organic anion transporter (OAT) 3, monocarboxylate transporter (MCT)1,
and MCT8, showed no daily significant differences in mouse brain endothelial cells [76].

Relative to receptors involved in receptor-mediated transcytosis, the protein expression
of insulin and transferrin receptors does not show any significant differences between ZT0
and ZT6, 12, and 18 [76]. The insulin and transferrin receptors are among the most studied
targets to circumvent the BBB to deliver drugs into the brain tissue [14]. Data from rodents
show that sleep restriction increased the vesicular traffic across the BBB [80]. The brain
influx of human recombinant interleukin (IL) 1α was different between two timepoints
(8 h vs. 24 h) [81]. Data suggest that the transport of IL-1β across the BBB is mediated by a
mechanism dependent on the type II IL-1 receptor [82]. However, no circadian oscillations
were observed for this receptor. Amyloid β (Aβ) levels showed circadian oscillations in
mouse brain interstitial fluid [83]. These oscillations may be due to circadian rhythms in the
processes of production and/or elimination of Aβ from the brain. In the BBB, among the
receptors and transporters involved in the transport of Aβ, circadian rhythms were only
found for ABCB1 at the functional level and for Abcg2 at the gene expression level [11].

Finally, regarding molecules involved in paracellular permeability, in mouse brain
capillaries, no significant differences in protein expression for claudin 5, occludin, and tight
junction protein 1 between ZT0 and ZT6, 12, and 18 were observed [76].

4.2. Circadian Rhythms in the Blood–Cerebrospinal Fluid Barrier

The available data of circadian rhythms in the BCSFB is summarized in Table 2. The
CP harbors a functional circadian clock dependent on sex. Quintela et al. firstly showed
a rhythmic expression of Bmal1, Cry2, and Per2 in the CP of female rats, and a rhythmic
expression of Cry2 and Per2 in the CP of male rats [10]. However, there are some reports of
rhythmic expression of the Bmal1 gene in the CP of male rats [73,84]. Furthermore, a higher
expression of Bmal1 during the dark phase when compared with the expression during the
light phase in the CP of male rats was also reported [85]. A phase advance of 6 h in the
rhythmicity of Bmal1 and the abolishment of a Per2 rhythm expression were observed in
the CP of ovariectomized rats when compared to the sham-operated controls [9]. Moreover,
microarray studies found sex-related differences between sham-operated, ovariectomized,
and orchiectomized rats in the expression of clock genes in the CP. Bmal1 showed higher
expression in the CP of female rats, while the circadian-associated repressor of transcription
(Ciart), Dbp, Per2, and Per3 were shown to be more highly expressed in the CP of male
rats [4,86]. Bmal1 was downregulated and Ciart, Dbp, Per2, and Per3 were upregulated
in ovariectomized rats when compared with their sham-operated counterparts [4,87].
Orchidectomy of male rats upregulated the expression of Bmal1 and downregulated the
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expression of Ciart, Dbp, Per2, and Per3 [4,87]. Despite the downregulation of Bmal1 and
the unaffected expression of Per1 upon ovariectomy [4,87], 17β-estradiol (E2) treatment
of rat CPEC upregulated the expression of the Bmal1, Per1, and Per2 genes. The effect
observed in Per1 and Per2 was mediated by the nuclear estrogen receptors [9].

The CP molecular clock showed robust rhythms and higher single-cell synchrony than
the suprachiasmatic nucleus (SCN) circadian clock [88]. However, the intensity of rhythms
in the CP, contrary to what occurs in SCN, is not recovered after exposure to the anesthetic
sevoflurane [89]. The robustness of the rhythms in the CP clock is due to the coupling effect
mediated by gap junction communication between the CPECs [88]. The adrenalectomy
of adult male Wistar rats abolished the rhythm in Per1 expression and decreased the
robustness of the Per2, Nd1r1, and Bmal1 rhythms in the CP. Moreover, it was shown that
dexamethasone upregulates Per1 expression in CP in vivo and influences PER2 turnover
in mice CP explants. The presence of mifepristone, a glucocorticoid receptor blocker,
blocked the effect of dexamethasone in PER2-driven bioluminescence rhythms in mice CP
explants as well [84]. Therefore, according to the available data, the CP harbors a functional
molecular clock with robust rhythms and is entrained by estrogens and glucocorticoids.

Circadian rhythms in CP functions were extensively reviewed in the following refer-
ence [90]. As an “active interface”, the uptake of Aβ was rhythmic in the human epithelial
CP papilloma cell line (HIBCPP) [91]. These data may account for the circadian oscillations
of Aβ levels in mouse brain interstitial fluid [83]. In addition to the rhythmic uptake of
Aβ in a CP cell line, circadian rhythms were also found in the Aβ scavengers’ expression
in the CP. Some of them were ligands for specific receptors. Regarding Aβ scavengers,
apolipoprotein J (ApoJ), which gradually reduces Aβ aggregation and accumulation [92,93],
was shown to be rhythmically expressed in the CP of female rats, with a peak during
the dark phase. The sex-dependent rhythm was independent of the female sex hormone
background [94]. Transthyretin (Ttr), which is capable of preventing Aβ aggregation and
disrupts Aβ fibrils [95,96], was reported as being sex-independently rhythmically expressed
in rat CP with a peak during ZT 16 [94]. As the active period of rats is during the dark
phase, the peak times of ApoJ and Ttr circadian expression are not concordant with the
enhanced clearance of Aβ from the CSF to the blood during the sleep phase [97]. The CP
circadian clock was affected by age and Aβ deposition in the Alzheimer’s disease animal
model consisting of APP/PS1 mice [98]. Aralkylamine N-acetyltransferase, the enzyme
responsible for the circadian synthesis of melatonin, presented rhythmic expression in rat
CP. However, the secretion of melatonin by porcine CP explants did not follow a rhythmic
pattern [99]. Moreover, an investigation with APP/PS1 mice showed rhythmic Ttr expres-
sion in the CP of the wild-type 12-month-old female mice. For the angiotensin-converting
enzyme, which is capable of cleaving Aβ, the same pattern was observed for 6-month-old
wild-type female mice [91].

ABC drug transporters are a great component of brain barriers. As previously de-
scribed, data exist regarding daily variations in the brain distribution of some substances.
Circadian rhythms in efflux transporters may explain those daily variations. Abcc4 was
shown to be rhythmically expressed in the rat CP and in the HIBCPP cell line. Also,
ABCC4 may be partially responsible for the circadian transport of methotrexate across the
HIBCPP cells [12]. Abcc1 and Abcg2 have sex-dependent circadian expression in rat CP.
Abcc1 was rhythmically expressed in the CP of male rats and Abcg2 in the CP of female
rats [12]. Regarding the circadian rhythms of SLC transporters, detoxification enzymes, and
membrane receptors, the evidence available is scarce. Among the SLC drug transporters
expressed in the CP, which are briefly summarized in [63,64], there is only one report of
Slc22a8, which encodes the organic anion transporter 3, having a circadian expression in
the CP [12]. Regarding paracellular permeability, data show that the expression of several
tight junctions is affected by the photoperiod [100].
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Table 2. Summary of the studies involving circadian rhythms in the blood–cerebrospinal fluid
barrier (BCSFB).

Topic Animals/Cell Model Results References

Clock genes Proestrus adult female and
male Wistar rats

The choroid plexus molecular clock is dependent
on sex.

Cryptochrome (Cry) 2 and period (Per) 2 showed
rhythmic expression in the choroid plexus of
female and male rats. The expression of brain

and muscle ARNT-like 1 (Bmal1) was only
rhythmic in the choroid plexus of female rats.

[10]

Primary culture of rat choroid
plexus epithelial cells

Bmal1, circadian locomotor output cycles kaput
(Clock), and Per2 were shown to be rhythmically

expressed in choroid plexus epithelial cells.
For Per1 and Cry2, no significat rhythmic

expression was found.

[10]

Male Wistar rats Bmal1 gene showed rhythmic expression in the
rat choroid plexus. [73]

Per2::dLuc transgenic male
rats on a Wistar rat

background

At the lateral ventricle choroid plexus, Bmal1
expression was higher at zeitgeber time (ZT)
22 than ZT10, and the expression of Per1 and

Per2 was higher at ZT10 than ZT4.
At the fourth-ventricle choroid plexus, Bmal1
expression was higher at ZT 22 than ZT10, the

expression of Per1 was higher at ZT10 than ZT4,
and the expression of Per2 was higher at ZT16

than ZT4.

[85]

Female Wistar rats

The abolishment of the rhythmic expression of
Per2 and a phase advance of 6 h in Bmal1

expression were reported in the choroid plexus
of ovariectomized rats.

[9]

Primary culture of Wistar rat
choroid plexus epithelial cells

The treatment of primary rat choroid plexus
epithelial cells with 17β-estradiol (E2) led to the
upregulation of the Bmal1, Per1, and Per2 genes.

The E2 effect observed for Per1 and Per2 was
mediated by the nuclear estrogen receptors.

[9]

Rats

Bmal1 showed a higher expression in the choroid
plexus of female rats when compared to

male rats.
Circadian-associated repressor of transcription
(Ciart), albumin D-box binding protein (Dbp),
Per2, and Per3 were shown to be more highly
expressed in the choroid plexus of male rats.

[4,86]

Wistar rats

Bmal1 was downregulated, and Ciart, Dbp, Per2,
and Per3 were upregulated, in the choroid plexus

of ovariectomized rats.
Bmal1 was upregulated, and Ciart, Dbp, Per2, and
Per3 were downregulated, in the choroid plexus

of orchidectomized rats.

[4,87]

Molecular clock
robustness

Per2::Luc transgenic mice
under C57BL/6J background

The molecular clock in the choroid plexus
showed more robust rhythms than the

suprachiasmatic nucleus molecular clock. The
rhythms were evaluated by the Per2-driven

luciferase rhythms of explants removed from
Per2::Luc transgenic mice.

[88]
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Table 2. Cont.

Topic Animals/Cell Model Results References

Cultured choroid plexuses of
Per2::Luc transgenic mice

The choroid plexus showed higher single-cell
synchrony in Per2-driven luciferase rhythms

than in the suprachiasmatic nucleus.
The treatment of the cultured choroid plexuses
with a gap junction blocker dose dependently
decreases the amplitude, increases the period,

and decreases the cell synchrony in Per2-driven
luciferase rhythms.

[88]

Per2::Luc transgenic male rats
The intensity of rhythms in the CP, contrary to
what happens in SCN, is not recovered after

exposure to sevoflurane.
[89]

Entrainment by
glucocorticoids Male Wistar rats

Per1 rhythmic expression was abolished and a
decrease in the robustness of Per2, nuclear

receptor subfamily 1 group D member 1 (Nd1r1),
and Bmal1 rhythms in the choroid plexus was

observed in adrenalectomized adult male
Wistar rats.

The treatment with dexamethasone upregulated
Per1 expression and increased the amplitudes of

rhythms in the expression of Bmal, Per2, and
Nr1d1 in the male Wistar rat choroid plexus in

adrenalectomized rats.

[84]

Per2::Luc mice choroid
plexus explants

Dexamethasone influenced PER2 turnover in
mouse choroid plexus explants.

DEX treatment increased the amplitude and
caused a phase shift in PER2-driven

bioluminescence rhythms in mouse choroid
plexus explants. The glucocorticoid receptor

blocker mifepristone blocked the
dexamethasone-induced phase shifts in

PER2-driven bioluminescence rhythms in mouse
choroid plexus explants.

The induction of phase shifts in the choroid
plexus clock is partially mediated by the

activation of protein kinase A and the activation
of the MAP kinase pathway.

[84]

Amyloid β uptake,
scavengers, and the

influence on molecular
clock

Human epithelial choroid
plexus papilloma (HIBCPP)

cell line

Amyloid β uptake was rhythmic in the human
choroid plexus papilloma HIBCPP cell line. [91]

Wistar Han Rats

Transthyretin showed rhythmic expression in the
rat choroid plexus, with a peak during ZT16.

Apolipoprotein J presented rhythmic expression
in the choroid plexus of female rats, with a peak
during the dark phase. The rhythmic expression

of Apolipoprotein J was independent from a
female sex-hormone background.

[94]

APP/PS1 mice
(Alzheimer’s disease

mice model)

They compared the daily expression of amyloid
β scavengers in 6- and 12-month APP/PS1

(Alzheimer’s disease mice model) and
wild-type mice.

Transthyretin showed a rhythmic expression in
wild-type 12-month-old female mice. The

angiotensin-converting enzyme was rhythmic in
the choroid plexus of 6-month-old wild-type

female mice.

[91]
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Table 2. Cont.

Topic Animals/Cell Model Results References

APP/PS1 mice
(Alzheimer’s disease

mice model)

Bmal1, Per2 and Cry2 were rhythmically
expressed in the choroid plexus of 6- and

12-month-old APP/PS1 and wild-type mice. In
female and male mice 12 months of age, Bmal1

was shown to be rhythmically expressed only in
wild-type mice, but not in APP/PS1 mice.
Cry2 only showed rhythmic expression in

wild-type 6-month-old mice when compared
with correspondent-aged APP/PS1 mice.

In male mice 6 months of age, Per2 expression
was rhythmic only in APP/PS1 mice, and not in

wild-type mice.

[98]

ATP-binding cassette
(ABC) transporters Wistar rats

Abcc4 was reported to be rhythmically expressed
in the rat choroid plexus.

Abcc1 and Abcg2 circadian expression in the
choroid was found to be dependent on sex.
Abcc1 showed rhythmic expression in the

choroid plexus of male rats. Abcg2 showed
rhythmic expression in the choroid plexus of

female rats.

[12]

HIBCPP cell line

Abcc4 was shown to be rhythmically expressed
in the HIBCPP cell line.

ABCC4 may be partially responsible for the
circadian transport of methotrexate across the

HIBCPP cell line.

[12]

Solute carrier
(SLC) transporters Wistar rats

The organic anion transporter 3 encoding gene,
Slc22a8, was shown to be rhythmically expressed

in the rat choroid plexus.
[12]

Melatonin production Wistar rats The aralkylamine N-acetyltransferase showed
circadian expression in the rat choroid plexus. [99]

Porcine CP explants The melatonin secretion by porcine CP explant
did not show a circadian pattern. [99]

5. Nanoformulations as Therapy for Central Nervous System Diseases

Diseases affecting the nervous system represent a worldwide public health problem,
particularly neurodegenerative diseases such as Parkinson’s (PD) and Alzheimer’s disease
(AD), stroke, multiple sclerosis, and dementia [101]. These might result from different
causes, including genetic disorders; neurodegeneration and inflammation; lifestyle; struc-
tural, biochemical, or electrical abnormalities in the brain; and traumatic brain injury [102].

The major challenge of treating these conditions results from the selective permeability
of brain barriers, namely, the BBB, that limit most drug molecules from reaching their
therapeutic targets in the brain. This blockage is due to the presence of active efflux systems
and tight junction overexpression, of which ABC protein superfamily transporters, such as
the ABCB1, are the most effective in removing drugs from the brain and pumping them
back into the blood [103].

As a consequence, higher doses are required, causing toxic effects and limiting the
treatment effectiveness of central nervous system (CNS) diseases [104]. In recent years,
several strategies have been developed to enhance drug delivery to the brain, with some
being more beneficial and minimally invasive. They include osmotic disruption of the tight
junctions, chemical modification of drugs, ultrasound-mediated BBB opening, intrathecal
therapies, local delivery by neurosurgery, and nanoparticle mediation. However, some of
these approaches are risky, as they damage and compromise the integrity of the membranes,
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causing the influx of unwanted molecules in the CNS. Among these, nanoparticle-based
approaches are emerging as effective delivery systems. Nanoparticles (NPs) are nanoscale
particles ranging from 1 nm to 1000 nm in diameter, employed to encapsulate therapeutic
agents within or conjugate onto their surfaces [105]. Its benefits include the capability of
creating small and more stable structures to encapsulate poorly soluble drugs, prolonging
their circulation time, improving their bioavailability, and controlling the release rate.
Additionally, NP surfaces can be functionalized with specific moieties for targeted delivery
to a region of interest [106]. Indeed, one of the main advantages is the potential to optimize
nanoparticle design through size, shape, and surface modifications to improve interaction
and diffusion through cells and tissues. There is also the possibility of conjugating two or
more therapeutic compounds for combination therapy, including nucleic acids, proteins,
peptides, antibodies, and anticancer drugs [107].

For brain targeting, some requirements must be met: non-toxicity, small size, biocom-
patibility, high targeting efficiency, long and stable blood circulation, favorable pharmacoki-
netic properties, and biodegradability. Ideally, these nanosystems should also be easy to
produce, cost-effective, and easy to scale up [108]. Diverse nanocarriers have been explored
based on the method of preparation, type of materials used, drug loading, and release
behavior. Special attention has been given to liposomes, micelles, inorganic nanoparticles,
polymeric and dendrimers-based nanoparticles, exosomes, quantum dots, and carbon
nanotubes [109–111].

In the same way, various methods and routes of delivery have been investigated for
their ability to enhance the efficiency of delivering nanoparticles to the brain and allowing
them passage through the brain barriers. In the following section, we discuss the promising
and recent developments in new nanoformulations as forms of therapy for CNS diseases.

5.1. Polymeric NPs

Polymeric nanoparticles are solid colloidal particles made of polymers of natural or
synthetic origin. With their versatile nature, polymers can vary in composition, combining
two or more different materials to create hybrid nanosystems (lipid–polymer hybrids, metal–
polymer hybrids, etc.) [112]. Compared to other carriers, they possess higher physical
stability when in contact with biological fluid, which is beneficial for sustained drug
release [113]. Moreover, the large surface area potential for functionalization makes them
very promising carriers in terms of improving drug delivery across the BBB. Polymeric NPs
are efficiently transported across endothelial cells via receptor-mediated, carrier-mediated,
and adsorptive-mediated pathways [114].

For example, a number of chemotherapeutic drugs have been encapsulated in nanopar-
ticles composed of chitosan, poly (lactic-co-glycolic) acid (PLGA), polyethylene glycol
(PEG), dextran, and dendrimers [115]; however, polymeric NPs present some limitations
for application in brain tumors due to their insufficient retention and accumulation within
the tumors [116]. Coating the surface of NPs with ligands or stabilizers has shown promis-
ing results in terms of targeting the therapeutic molecules to specific receptor-targeted
sites via receptor-mediated endocytosis. In light of this, ligands like Tf, apolipoprotein
E, apolipoprotein B, apolipoprotein A, and cell-penetrating peptides have been stud-
ied [117,118]. Recently, Nabi et al. [119] developed chitosan NPs conjugated with Tf
for the delivery of riluzole, which is used to treat amyotrophic lateral sclerosis, and demon-
strated the enhanced brain delivery of Tf-conjugated NPs in comparison to the NPs without
the ligand. Another research group demonstrated a 1.9-fold increase in cellular uptake
of 1, 2-Distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)-Apo-E-modified solid lipid
NPs [120]. The addition of stabilizers, such as PEG and Polysorbate 80, a non-ionic surfac-
tant, prolong NPs’ circulation time, reduce the adhesion between the particles, and reduce
their clearance [121]. Polysorbate 80 has been conjugated with PLGA to improve the perme-
ability of acetylpuerarin across the BBB and enhance its brain-protective effects in rats [122].
Di Mauro and co-workers investigated the functionalization of polyester-based NPs with
two different peptides, AGBBB015F and Regulon, for the delivery of paclitaxel. These
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peptides possess an affinity for the low-density lipoprotein receptor (LDLR), improving
brain permeability in comparison to non-functionalized NPs in the U-87 MG cell line [123].
Lastly, dendrimers are three-dimensional branched polymers with a unique structure and
properties, such as small size (typically lower than 50 nm), well-defined shape, monodis-
persity, and multivalent surface reactive groups suitable for the incorporation of targeting
ligands [101]. The potential for brain drug delivery of a lower-generation polyamidoamine
(PAMAM) dendrimer loaded with memantine was recently accessed in vitro and in vivo
in an Alzheimer’s disease-induced mouse model [124]. This preliminary study reported a
favorable effect of memantine-encapsulated PAMAM-lactoferrin conjugate on the cognitive
behavior of Alzheimer’s disease-induced animals.

5.2. Metallic NPS

Metallic nanoparticles (MNPs) have been extensively applied in imaging and drug de-
livery for various therapeutic agents. They are formed from metal cores composed of pure
metals or metal oxide (e.g., silver, gold, palladium, titanium, zinc, copper, gadolinium, iron
oxide, hydroxides, sulfides, phosphates, etc.), usually covered by a shell made of organic or
inorganic materials [125,126]. Their great tunable optical properties, small size, facility to
infiltrate into biological membranes, serum stability, and long half-life are some of their
finest characteristics for biomedical applications [127]. Their smaller size in comparison
to polymer and lipid NPs offers an advantage in terms of the crossing of brain barriers.
However, due to their dense structure, therapeutic agents have to be conjugated to the
surfaces of the NPs [128]. MNPs’ surface can also be functionalized with targeting ligands
through H-bonding, covalent bonding, or electrostatic interactions to alter its pharmacoki-
netics properties and enhance its specificity to target tissues, allowing treatment to occur at
the cellular level [127]. For drug delivery to the brain, peptide-conjugated NPs represent
a novel strategy that has shown promising results. In a comparative study conducted by
Wang et al. [129], different surface modifications were performed on superparamagnetic
iron oxide NPs (SPIONs), and their distribution and diffusion were observed in rat brains
after injection into the rat substantia nigra. The prepared nanoparticles were either coated
with PEG and maleic anhydride (Mal) (Mal-SPIONs), with bovine serum albumin (BSA)
(BSA/Mal-SPIONs), or with Arg–Gly–Asp peptide (RGD) (RGD/Mal-SPIONs). It was
observed by transmission electron microscopy that an abundant diffusion of RGD/Mal-
SPIONs into the thalamus, frontal cortex, temporal lobe, olfactory bulb, and brain stem
occurred after injection. For rats injected with BSA/Mal-SPIONs, only a few NPs diffused
to the afore-mentioned brain areas, while Mal-SPIONs were expelled out of the brain. The
magnetic properties of metallic NPs are of relevance for brain cancer treatment [130]. The
application of an external magnetic field can guide the NPs to precise locations, while pho-
tothermal therapy using near-infrared laser can be used to increase the internal temperature
of magnetic NPs, producing a hyperthermic effect and resulting in irreversible damage or
death of tumor cells. A recent work demonstrated the efficacy of applying an alternative
magnetic field in the treatment of C6 glioma in rats [131]. Temozolomide (TMZ)-loaded
SPIONs conjugated with folic acid (FA) (TMZ/MNPs-FA) were prepared, and rats were
treated with free TMZ, MNPs-FA, and TMZ/MNPs-FA in either the presence or absence of
the magnetic field [131]. The strategy of combined therapy could significantly suppress
tumor growth, increase survival rate, and promote apoptosis. Nonetheless, extensive
research into the long-term toxicity of metal NPs is necessary prior to considering its use in
clinical therapy.

5.3. Liposomes

Liposomes are self-assembled organic NPs of spherical shape created from natural
or synthetic phospholipids and/or cholesterol that organize into a phospholipid bilayer
membrane. They can be classified in relation to the number of bilayers and range from
30 nm to several micrometers in size [132,133]. Hydrophilic drugs can be encapsulated in
the aqueous core, while hydrophobic and amphiphilic drugs can be embedded within the
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phospholipid bilayer. Liposomes have been widely investigated as drug vehicles and are
probably the most studied nanocarriers due to their low toxic side effects compared to other
drug delivery systems, protection of the encapsulated drugs from physical degradation
and clearance, ability to deliver both hydrophilic and lipophilic compounds, and easy
preparation [134]. Some drawbacks include fast degradation of the phospholipids and
inability to provide sustained release of the drugs. Nevertheless, liposomes can also easily
be surface-modified to overcome some of these limitations. Given this, some liposomal
formulations have been approved by the U.S. Food and Drug administration to be used
in clinics [101,135]. Liposomal formulations display similarities to the lipid bilayer of
the endothelial cell membrane, which facilitates the crossing of the BBB. The mechanism
of transport includes receptor-mediated transcytosis and adsorptive-mediated transcyto-
sis [136]. In relation to brain delivery, a cationic liposome (SGT-53) with anti-transferrin
receptor antibody, encapsulating wildtype p53 sequence, has been investigated in clinical
trials for the treatment of glioblastoma [132]. The Tf receptor (TfR) has indeed remained a
popular target for the brain [137]; however, the safety of TfR-targeting on liposomes was
checked after adverse effects after intravenous administration were found, even though
targeting and subsequent transport across the BBB were accomplished [138]. Targeting
of liposomes with peptides is also attainable. A research group developed doxorubicin
(DOX)-loaded liposomal NPs functionalized with a short nontoxic peptide derived from Aβ

1-42 (SP-sLip) (SP-sLip/DOX), which interacts with the lipid-binding domain of exchange-
able apolipoproteins achieve brain-targeted delivery [139]. The brain targeting efficiency,
distribution, and anti-cancer effect of SP-sLip/DOX were significantly enhanced in relation
to doxorubicin-loaded plain liposomes. Another study investigated glutathione (GSH)
conjugation to different liposomal formulations and its influence on the brain delivery
of methotrexate (MTX) in rats [140]. GSH-PEG liposomal MTX NPs were based on two
different phosphatidylcholines, one derived from soy (HSPC) and another from egg yolk
(EYPC). As conclusion, GSH-PEG-HSPC liposomes HSPC increased brain delivery of MTX
by fourfold (and eightfold compared to free MTX), while GSH coating on PEG-EYPC
liposomes did not result in further enhancement of brain uptake, demonstrating that the
brain-targeting effect of GSH is highly dependent on the liposomal formulation.

5.4. Carbon Nanotubes

Carbon nanotubes (CNTs) are hollow cylindric molecules composed of rolled-up
graphite sheets of single-walled or multi-walled tubes, with diameters in the range of
1 to 100 nm. Each carbon atom establishes covalent bonds with three neighbor atoms in
the graphite, forming a repeating pattern of sp2 hybridized carbon atoms in a hexagonal
arrangement [141]. This unique structure provides considerable strength to CNTs, offering
a high surface area, high aspect ratio, low density, electrical and thermal conductivity, ease
of functionalization, and high drug loading capacity, and is considered as a novel delivery
carrier [142]. The hollow interior space and high surface area provide enough space for
multiple drugs and targeting ligands to be attached, which represents a great advantage of
CNTs over other delivery systems for both diagnostic and therapeutic applications. Apart
from their promising properties, CNTs have gained particular interest due to their needle-
like shape, which is correlated with the ability to penetrate biological membranes [143].
Nonetheless, some concerns have arisen regarding their non-biodegradable state and
toxicity [144]. In the past few years, CNTs have also been investigated for brain drug
delivery. The ability of functionalized CNTs to cross the BBB and accumulate in the brain
has been tested in in vitro and in vivo models after systemic administration [145,146]. You
and his group [147] designed a dual-functionalized carbon nanotube for glioma therapy.
For that purpose, they constructed multi-walled CNTs decorated with the cell-penetrating
peptide transactivating transcriptional activator (TAT), the polymer polyethylenimine
(PEI), and a cancer-targeted molecule biotin loaded with oxaliplatin (TBCNT@OXA). The
targeting and penetration ability of the nano-construct was tested in an in vitro BBB model.
In conclusion, the dual targeting highly improved the permeability of brain endothelial
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cells over free oxaliplatin. Another research group [148] explored the use of CNTs for the
treatment of brain cancer. In this study, a polyethylene glycol-linked conjugate of CNTs
with the phytochemical mangiferin (MF) was synthesized (CNT-PEG-MF), and its safety
and anticancer activity was investigated in a human glioblastoma astrocytoma cell line
(U-87 MG cells). However, the ability to cross brain barriers still needs to be tested. Carbon
nanotubes have also been studied for Parkinson’s disease treatment, since the current
options are limited. Guo et al. [149] attempted to deliver dopamine (DA) to the brains of
mice using single-walled CNTs (SWCNTs) functionalized with PEG and lactoferrin (Lf)
(SWCNT-PEGs-Lf), a cationic iron-binding glycoprotein that has previously been proven to
facilitate transport across the BBB when conjugated to nanoparticles, thus being considered
a brain-targeting ligand [150]. The SWCNT-PEGs-Lf was able to significantly reduce the
levels of oxidative stress, tumor necrosis factor-α, and IL-1β in a mouse model of the
disease and to increase the density of tyrosine hydroxylase-immunoreactive. Furthermore,
a safe dose was established for the application of this CNTs. Again, a dual targeting strategy
demonstrated precision in delivering drugs into the brain.

5.5. Exosomes

Exosomes differ from synthetic NPs in that they are of natural origin. They are a
subgroup of nanosized extracellular vesicles (diameter ∼30–150 nm) enclosed by a lipid
bilayer membrane, endogenously produced by most eukaryotic cells and subsequently
secreted in the extracellular space by fusion with the cellular membranes. Exosomes act as
a route of intercellular communication by transferring lipids, proteins, and RNAs between
cells, and participate in a wide variety of physiological and pathological processes. Similarly
to liposomes, exosome’s structure enables them to incorporate hydrophobic drugs within
the lipid bilayer membrane and hydrophilic drugs into the aqueous core [151], although
exosomes have superior biocompatibility, which improves their stability in the bloodstream
and their effectiveness in vivo. Despite their great therapeutic potential, their practical
application is limited due to the lack of standardized methods for their efficient isolation
and purification protocols [152].

As discussed above, synthetic nanocarriers have different drawbacks. In contrast,
exosomes possess distinctive properties, in addition to a natural BBB-crossing ability, to
function as an efficient drug delivery system to the brain [153]. The mechanisms of exosome
entry in the brain include paracytosis, transcytosis, fusion, and ligand–receptor interactions.
Nonetheless, surface modification can increase exosome diffusion through the BBB [154].
Recently, Xu Liu and collaborators [155] conjugated exosomes with anti-CD22 monoclonal
antibody fragments and DOX to improve their targeting ability to malignant mature B
lymphocytes, which express CD22 antigen and reduce the associated toxicity. Targeted exo-
somes prolonged the life expectancy of tumor-bearing mice and enhanced the pro-apoptotic
levels of DOX. Regarding cancer therapy, exosomes have also been explored for glioma
treatment [156]. A combined strategy was applied by loading exosomes simultaneously
with SPIONs and curcumin and then conjugating the exosome membrane with neuropilin-
1-targeted peptide, a transmembrane glycoprotein overexpressed in glioma cells [157].
When applied to orthotopic glioma models, the exosomes were able to cross the BBB, and
the combination of SPION-mediated magnetic flow hyperthermia and curcumin-mediated
therapy showed a potent synergistic antitumor effect. Neurodegenerative diseases such as
Parkinson’s could also benefit from the potential applications of exosomes. Huan Peng et al.
constructed a nanocarrier for nasal administration with exosomes derived from mesenchy-
mal stem cells (MSCs), which have a therapeutic effect on PD by themselves, mainly due
to the presence of micro RNAs (miRNAs) and proteins [158]. In addition, they utilized
curcumin, which can inhibit the aggregation of α-synuclein and reduce the toxicity of
aggregates to dopaminergic neurons [159]. Moreover, SPIONs were also assembled to
be used as magnetic resonance imaging contrast agents for the purpose of tracking the
accumulation of nanocarriers in the brain. The results from the PD mice model revealed an
improvement in movement and coordination and suggested good prospects for the use of
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the developed nanocarrier in the treatment of other neurodegenerative diseases. Exosomes
were once considered to be functionless cellular waste; however, with increasing evidence,
not only have they been confirmed to play an important role in the body’s physiology, but
they also demonstrated great promise as targeted drug delivery vehicles.

6. Circadian Rhythms in Nanoformulations for Central Nervous System Penetration

To overtake the difficulty of treating CNS disorders and to reach the brain, actual
pharmaceutical therapies use different delivery routes for their purposes: delivery across
the BBB, intrathecal delivery, and intranasal delivery [160]. The most studied approach
focuses on direct BBB delivery due to its minimally invasive nature [160]. However, there
are remarkable troubles preventing drugs from passing through this barrier due to its
structure [160]. Nanoformulations have emerged as alternatives to overcome these troubles.
The mechanism of uptake appears to be by endocytosis mediated by receptors, followed by
transcytosis of the drug-loaded nanoformulations and drug release in the brain or within
endothelial cells [161]. Furthermore, little attention has been paid to the influence of daily
patterns, such as circadian rhythm, on nanoformulations uptake and passage across the BBB.
Nanotechnological strategies have been focused on designing delivery carriers functional-
ized with ligands targeting proteins of the BBB in order to enhance brain delivery. Receptors
such as LDLR, TfR, GLUT1, and MCT1 are highly expressed in the BBB and are common
target receptors [162]. In addition, these receptors and transporters have shown rhythms in
their expression and function, or their expression has been shown to be regulated by clock
genes. Daily variations in the ldlr gene in mouse livers were abolished in clock knock-out
mice [163]. The promotor region of the human ldlr gene possesses three putative E-box
sequences, which represent putative sites for binding of the CLOCK:BMAL1 complex [164].
There are also data suggesting that transferrin receptor (TfR) 1 expression is indirectly
regulated by the clock genes in tumors derived from the mouse cell line colon-26 [165]. For
GLUT1 and MCT1, the existing data point to the possibility that these transporters are not
rhythmically expressed in the BBB [76,166]. However, we need to take into account that
circadian rhythms are influenced by factors like sex and species, as well as the fact that
GLUT1 and MCT1 show rhythms in other tissues or cell lines, and even the glut1 gene has
been shown to be regulated by the neuronal PAS domain protein 2 NAPS2 in a human cell
line [167–170]. These data, together with the point that these receptors and transporters are
common targets for nanoformulations, makes the nanocarriers which contain the receptors
and transporters addressed here targets with the potential to be tested according to bio-
logical rhythm. Below, in Table 3, we describe examples of nanoformulations applied to
treat CNS diseases which have the receptors and transporters described above as targets.
The use of glucose as a ligand in nanocarriers to enable the active translocation of GLUT1
in BBB has been strategically applied [171]. Anraku et al. developed polymeric micelles
functionalized with glucose to be recognized and internalized by GLUT1 on BBB. The
results showed preferential and successful crossing of the barrier, and the use of glucose
ligand facilitated the transport and accumulation into the brain [172]. Another group
developed multiple glucose-modified micelles to deliver antisense oligonucleotides (ASOs)
to the brain and treat several CNS disorders. They achieved accumulation in the brain
tissue after 1 h of intravenous administration and RNA knockdown in different regions.
Magnetic nanoparticles loading ibuprofen and glucose-modified were prepared and char-
acterized for posterior evaluation of brain cells’ uptake capacity [173]. This research group
pretended to efficiently deliver ibuprofen through GLUT1 under an external magnetic
field. Drug release studies showed a promising strategy to load and deliver drugs to brain.
Thus, we hypothesize that a more efficacious treatment would be achieved if researchers
were to consider the circadian expression of the GLUT1 transporter and the possibility of
nanoformulations being more easily internalized at certain time points of the day. Another
example was proposed and developed by Ak et al. They designed cetyl palmitate-based
nanoparticles with β-hydroxybutyric acid, a targeting ligand for MCT1, and carmustine
and temozolomide for glioblastoma treatment [174]. In vitro studies proved their bio-
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compatibility and antitumor activity. Moreover, more nanoparticles were captured by
MCT1 overexpressed brain cells. P-aminophenyl--D-mannopyranoside (MAN) decorated
doxorubicin-loaded dendrigraft poly-l-lysine with acid-cleavable Tf coating outside (DD-
MCT) was designed to be recognized by the TfR and to be more easily internalized into
the brain parenchyma [175]. DD-MCT reached glioma cells and accumulated to a higher
extent, improving the therapeutic outcome of cancer. Lam et al. enhanced glioblastoma
therapy by developing nanoparticles functionalized with Tf and loading temozolomide
and the bromodomain inhibitor JQ1 [176]. Nanoparticles were capable of traversing the
BBB in mice, as well as reaching tumor cells, inducing a 1.5- to 2-fold decrease in tumor
burden, and increasing animal survival compared to carriers without drugs. A single-
chain polypeptide containing the LDLR ligand Seq-1 was designed to form protein-only
nanoparticles to successfully cross the BBB [177]. The ad of Seq-1 ligand increased the cell
penetrability compared to the monomeric version of the nanoparticles in vitro. However,
the enhancement was not observed after systemic administration. Beyond the authors’
suggestions for future studies, it should be of great interest to apply circadian rhythm
studies to this nanoformulation, as the circadian expression of LDLR could be interfering
in the particle’s uptake. Altogether, these are examples of nanoformulations that can be
considered to have circadian rhythm internalization and whose therapeutic effect can be
improved after taking this aspect into account.

Table 3. Examples of nanoformulations applied in CNS diseases for which barrier transportation
mediators may possibly have expressions that follow a circadian rhythm.

Nanoformulation Circadian-Expressed
Receptor Results References

Docetaxel (DTX)-loaded solid lipidic
nanoparticle surface modified

with mannose

GLUT1

- Cytotoxicity and cell uptake unveiled
enhanced efficacy

- Increased DTX drug concentration in
the brain

[178]

Ibuprofen-loaded brain-targeting magnetic
nanoparticles (AA-Ibu-PEG-DA@MNPs)

modified with ascorbic acid (AA)

- Limited cytotoxicity against brain
endothelial cells

- Nanoparticles were able to release
ibuprofen into mouse plasma and
brain homogenate

[179]

SiNPs-based nanoprobes bearing the
ligand of glucosamine (G) and indocyanine

green (ICG)

- Accumulation in glioblastoma tissues
in mice

- Superior photothermal effects of
G-ICG-SiNPs in vivo

[180]

Betreliesoxybutyric acid (HBA) grafted
docetaxel-loaded solid lipid

nanoparticles (HD-SLNs)
MCT1

- Controlled release of DTX in vitro
- Increased uptake of HD-SLNs from

brain endothelial cells compared
with Taxotere®

[181]

Cell-penetrating peptide (WRAP5) bearing
Tf ligand and loading p53 plasmid

TfR

- Efficient glioblastoma cell penetration
and consequent plasmid delivery into
the nucleus

- Decrease of tumor cells’ viability
in vitro

[182]

Clofazimine-loaded PLGA-PEG
nanoparticles (NP-CFZ) functionalized

with the Tf ligand

- Superior brain endothelial
hCMEC/D3 cells interaction and
higher CFZ permeability across cell
monolayers compared to the
non-functionalized nanoparticles

[183]
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Table 3. Cont.

Nanoformulation Circadian-Expressed
Receptor Results References

Polylactic acid (PLA)-coated mesoporous
silica nanoparticles (MSNPs) conjugated

with a ligand peptide of LDLR for
resveratrol delivery

LDLR

- Nanoparticles were able to cross the
endothelial cell monolayer in an
in vitro BBB model

- Resveratrol was released and
efficiently reduced the activation of
microglia cells

[184]

LDLR ligand-functionalized gold
nanoparticles (ApoB@AuNPs)

- ApoB@AuNPs were selectively
captured by endothelial cells and
pericyte and bulk tumor volume

[185]

PLGA nanoparticles functionalized with an
apolipoprotein E-modified peptide
(pep-apoE) or with lipocalin-type

prostaglandin-d-synthase (L-PGDS)

- Non-functionalized and
functionalized NPs did not injure
dendritic cells’ viability and did not
induced a proinflammatory profile
from them

- Functionalized NPs reached cerebral
cortex parenchyma in mice after 2 h
and were more significantly
internalized by neurons
and microglia

[186]

7. Conclusions and Future Perspectives

Developing therapeutic strategies for neurological disorders is still a challenging re-
search area. In this field, scientists are trying to develop new therapeutic strategies to
circumvent brain barriers, and are finding alternative routes through which to deliver ther-
apeutic agents to the brain. In this review, we focused our attention on nanoformulations
and their conjugation with a chronobiology approach to overcome the protection conferred
by the brain barriers.

Circadian rhythms in membrane transporters capable of transporting a great variety
of drugs have been identified in brain barriers [11,12]. Therefore, the first notion that
can be drawn is that the characterization of the influence of molecular clocks on the
physiological functions of the barriers opens the possibility to test whether time matters
when it comes to circumventing brain barriers. The second opinion that we can take
from the gathered data is that, in general terms, nanoformulations are able to enhance
the brain delivery of therapeutic agents. However, we also note that the connection
between chronobiology and nanocarriers for drug delivery to the brain is an unexplored
field. For example, in cancer cell lines, the uptake of methotrexate and p53 protein levels
shows daily differences after the transfection with a polyethylenimine/pDNA (containing
the p53 gene)/methotrexate nanoformulation at different time points [187]. This makes
the conjugation between nanoformulations and chronobiology a potential strategy to be
researched in order to improve the therapies for neurological disorders. In this review, we
also report some nanoformulations with the potential to be tested with a chronobiological
approach, and, in this phase, in vitro studies need to be performed.

At the systemic level, the question addressed in this manuscript is more complex. The
first point is that the efficacy of a drug depends on the pharmacokinetic and pharmaco-
dynamic processes. As an example, a drug response could be influenced by a variety of
factors, like the levels of metabolic enzymes, pH, and renal blood flow [188]. If various
factors undergo circadian variations, the best time for drug administration would be a
result of the rhythms of each factor. Thus, the rhythms of the various pharmacokinetic
and pharmacodynamic factors should also be accessed. Here, the use of nanoformulations
could also have an advantageous point. Besides the benefit of modulating drug distribu-
tion, nanoformulations may possibly be used to regulate the absorption, metabolism, and
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elimination processes in order to turn the daily variations in these processes into daily
constants. Furthermore, the second point which can bring complexity to this question
involves disease states, which have the ability to impact circadian rhythms, making it
necessary to implement the circadian profile according to each disease context.

In summary, as our final considerations, we conclude that the conjugation of nanofor-
mulations with chronobiology has potential for the development and improvement of
therapeutic strategies for neurological disorders. However, this research field is practically
unexplored, and a significant amount of research still needs to be conducted.
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