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Efficient oral delivery of drugs treating brain diseases has long been a challenging topic faced by the drug
delivery community. Fortunately, polyester nanoparticles offer certain solutions to this problem. This re-
view article firstly describes the main obstacles faced by oral administered brain targeting, including: (1)
instability in the gastrointestinal tract; (2) poor penetration of the intestinal mucosa and epithelium; (3)
blood clearance; and (4) restriction by the BBB. Then the key factors influencing brain-targeting efficiency
of orally administered polyester nanoparticles are also discussed, such as size, shape and surface prop-
erties. Finally, recent brain-targeting delivery strategies using oral polyester nanoparticles as carriers and
their effects on brain drugs transport are reviewed, and the delivery ‘as a whole’ strategy of polyester
nanoparticles will provide new insight for oral brain-targeting delivery. And by combination of multiple
strategies, both the stability and permeability of polyester nanoparticles can be greatly improved for oral

brain drug delivery.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Therapeutic agents for brain diseases are usually adminis-
tered by injection, including intracerebral, intracerebroventricular
or intravenous injection. However, patients receiving injections via
these routes would suffer from lots of adverse effects including
pain, allergic reactions and inflammation, especially bacterial in-
fections and some surgical complications [1-3]. Therefore, a more
suitable administration route of brain drugs has to be explored.
Among all the administration routes, oral delivery is considered
the most desirable because of better patient compliance, ease of
drug administration and low occupation on medical resources [2].
However, it has been reported that oral delivery of active pharma-
ceutical ingredients (APIs) to the brain is confronted with prob-
lems including gastrointestinal (GI) side effects, poor bioavailabil-
ity of the drug, short half-lives in the blood circulation and inca-
pability to cross the blood brain barrier (BBB) [4,5]. Nanocarriers,
including nanocrystals (NCs), solid lipid nanoparticles (SLNs), and
polyester nanoparticles (PE-NPs), are effective delivery tools that
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can facilitate drug accumulation in the brain. Compared with free
APIs, oral NCs increased drug brain accumulation by 2~6 times
[6-8], while oral SLNs increased up to 2~16-fold [9-11] and oral
PE-NPs increased up to 1.5~17-fold [12-14]. Oral NCs showed low-
est increase in brain uptake probably due to accelerated dissolu-
tion during absorption and transportation [6-8] while oral SLNs
and PE-NPs with slower drug leakage [15,16] showed higher in-
crease. Notably, polyester is the type of synthetic polymer that has
been used clinically for its excellent safety profile with more than
10 polyester-based products available commercially on the mar-
ket [17]. For example, Genexol-PM®, PEG-PLA micelle loading pa-
clitaxel (PTX), was the first FDA-approved polymeric micelle for-
mulation [18]. Subsequently, Nanoxel-PM®, which was a docetaxel
loaded PEG-PLA micelle, was also approved for the treatment of
breast cancer and small cell lung cancer [19]. Besides, PE-NPs
(Table 1) were reported to cross intestinal and brain membranes
after oral administration [20], and were maintained intact in the
intestine and brain [21], allowing the successful transport of brain
drugs through those biological barriers and promoting therapeutic
effect [22-34]. Thus the absorption of PE-NPs ‘as a whole’ strategy
is preferred. To promote the development of next-generation oral
PE-NPs for brain-targeting, greater knowledge regarding the pro-
cess of overcoming biological barriers for enhanced oral absorp-
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Table 1
Overview of oral delivery of PE-NPs for brain-targeting researches.
Drug delivery The structure of NPs Dosage Animal Brain-targeting Main mechanism Indications Refs.
system efficiency (comparison
with free drugs)

Schisantherin A SA was encapsulated as the 4mg/kg of SA Rat 10.8-fold increase in Increase of blood Parkinson’s [21]
(SA) loaded crystalline or partially drug levels in brain circulation time disease
PEG-PLGA NPs crystalline state in PEG-PLGA

NPs.
Memantine (MEM) The crystalline drug was 30 mg/kg* Mice 2-fold decrease in Increase of blood Alzheimer’s [12]
loaded PEG-PLGA dispersed inside the polymer amyloid plaques of circulation time disease
NPs matrix. brain and BBB

penetration

Chelidonine (CHE) Homogeneous system 50 mg/kg* Mice The percentages of Increase of BBB Brain cancer [22]
loaded PLGA NPs contained dual-component CHE intensity in brain penetration

blends (PLGA, CHE), while for NPs was 17.46%

poloxamer 188 was used as while no free drug in

surfactant. brain
SPION loaded PLGA  SPION were observed as dark 12.5 ug/kg of Mice 3.2-fold increase in Increase of blood Imaging of [23]
NPs particles coated within a Fe drug levels in brain circulation time cerebral tissue

polymer matrix with a compared with PLGA

halo-like appearance NPs using TPGS as

surfactant

Estradiol (EST) EST was dispersed in core of 0.1 mg/rat* Rat 2.0-fold increase in Increase of BBB Alzheimer’s [24]
loaded PLGA NPs PLGA NPs while the shell of drug levels in brain penetration disease

PLGA NPs was Tween-80 compared with

coating uncoated PLGA NPs
Cyclosporine A Gambogic acid (GA) as ligand 15 mg/kg of Rat 15-fold increase in Increase of Brain diseases [25]
(CsA) loaded conjugated to PLGA CsA drug levels in brain intestinal
GA-PLGA (GA (Homogeneous system absorption, blood
conjugated to contained dual-component circulation time
PLGA) NPs blends (GA-PLGA, CsA), while and BBB

DMAB was used as surfactant). penetration
Ergosterol (ERG) Homogeneous system 50 mg/kg of Mice 0.3% NPs of initial dose Increase of GI Brain cancer [26]
loaded PLGA NPs contained dual-component ERG in brain while no free absorption and

blends (PLGA, ERG), while PVA drug in brain blood circulation

was used as surfactant. time
Puerarin (PU) Using 6-s-PLGA to form 4 mg/kg* Rat 2.3-fold increase in Increase of blood Parkinson’s [27]
loaded six-armed 6-s-PLGA NPs (Homogeneous drug levels in brain circulation time disease
star-shaped PLGA system contained
(6-s-PLGA) NPs dual-component blends

(6-s-PLGA, PU), while TPGS

was used as surfactant)
Dual-drug loaded EGCG 40 mg/kg of Mice 5-fold increase in drug Increase of Alzheimer’s [14]
PEG-PLGA NPs (Epigallocatechin-3-gallate) EGCG levels in brain stability in the GI disease

and AA (ascorbic acid) were tract and blood

dissolved in the form of a circulation time

molecular dispersion and

successfully included into the

PEG-PLGA matrix.
Irinotecan (IRI) IRI was dispersed in core of 10 mg/kg of Rat 8.03-fold increase in Increase of Brain diseases [28]
loaded PLGA NPs PLGA NPs while the shell of IRN drug levels in brain intestinal

PLGA NPs was chitosan absorption, blood

coating. circulation time
Dexibuprofen Homogeneous system 300 pL/mice* Mice Reduced memory Increase of blood Alzheimer’s [29]
(DEX) loaded contained dual-component impairment more circulation time disease
PLGA-PEG NPs blends (PLGA-PEG, DEX), while efficiently

PVA was used as surfactant.
Curcumin (CUR) Homogeneous system 5mg/kg* Rat 16.8-fold increase in Increase of blood Cerebral [13]
loaded PLGA-PEG contained tri-component drug levels in brain circulation time ischemia-
NPs blends (PLGA, PEG, CUR), reperfusion

while DMAB was used as

surfactant.
Curcumin (CUR) Homogeneous system 5mg/mice Mice 3-fold increase in drug Increase of blood Cerebral [30]
loaded PLGA NPs contained dual-component levels in brain circulation time malaria

blends (PLGA, CUR), while PVA

was used as surfactant.
Curcumin (CUR) Homogeneous system 20 mg/kg* Mice Better analgesic effect Increase of BBB Brain diseases [31]
loaded PLGA NPs contained dual-component penetration

blends (PLGA, CUR), while no

surfactant was used.
Curcumin (CUR) Homogeneous system 20 mg/kg* Mice Better analgesic effect Increase of blood Brain diseases [31]

loaded PEG-PLA
NPs

contained dual-component
blends (PEG-PLA, CUR), while
no surfactant was used.

circulation time

(continued on next page)
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Drug delivery The structure of NPs Dosage Animal Brain-targeting Main mechanism Indications Refs.
system efficiency (comparison
with free drugs)
ATDs (RIF+ISO+ Combination of two types of RIF: 10 mg/kg; Mice 1.5-fold increase in Increase of blood Cerebral [32]
PYR+ETH) loaded PLGA NPs (RIF+ISO+PYR ISO: 25 mg/kg; drug levels in brain circulation time tuberculosis
PLGA NPs loaded PLGA NPs and ETH PYR:
loaded PLGA NPs) 150 mg/kg;
ETH:
100 mg/kg
Donepezil (DNP) DNP was dispersed in core of 5mg/kg* Rat 2.1-fold increase in Increase of blood Alzheimer’s [33]
loaded PEG-PCL PEG-PCL NPs while the shell of drug levels in brain circulation time disease
NPs PEG-PCL NPs was T-80 coating and BBB
(inner coating) and ApoE3 penetration
coating (exterior coating).
Ginkgolide B (GB) Homogeneous system 4mg/kg of GB Rat 2-fold increase in drug Increase of blood Parkinson’s [34]
loaded PEG-PCL contained dual-component levels in brain circulation time disease

NPs blends (PEG-PCL and GB),
while poloxamer 188 was

used as surfactant.

*: PE-NPs.

tion and brain penetration is required. Thus, the status quo will be
summarized with emphasis on challenges, key factors and strate-
gies taken to adapt oral PE-NPs for brain drugs.

2. Challenges to oral delivery of PE-NPs for brain-targeting

In order to achieve therapeutic concentrations of drugs in the
brain, a highly efficient absorption of PE-NPs is preferred. For ther-
apeutics to reach the brain after oral administration, intact PE-NPs
must transit through the GI tract, enter into the bloodstream, and
then reach the brain across the BBB [35,36]. In doing so, brain-
targeting absorption of the PE-NPs is limited by various physiolog-
ical barriers and remains a major problem in drug development
(Fig. 1).

2.1. Instability

NPs with small size are featured with huge surface area, leading
to better contact with the biological barrier to promote penetration
through the GI tract and brain [37]. However, NPs are also ther-
modynamically unstable, which promotes agglomeration or crystal
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Fig. 1. Schematic illustration of PE-NPs delivery to the brain after oral administra-
tion.

growth [38]. Thus, stability issues related to NPs deserve great con-
cern during the process of oral delivery for brain-targeting.

2.2. Complex fate in the GI tract

The GI tract acts as the first defensive barrier against exogenous
toxins and pathogens at the same time [39]. NPs should better re-
main intact in the GI tract to guarantee their eventual entrance
into the brain. Therefore, the GI tract has posed a great challenge
for brain drug delivery.

2.2.1. Mucus barrier

The mucus layer is a dynamic semipermeable barrier composed
of a tenacious hydrogel material [40]. It prevents certain agents
from reaching the epithelial surface [41]. In addition, through elec-
trostatic or hydrophobic interactions, the mucus layer may trap
NPs [42]. Fig. 2 summarized the fate of NPs in mucus, including
exclusion, adhesion and penetration of NPs. Penetration of this mu-
cus barrier is necessary so that NPs reach epithelial cells.

2.2.2. Intestinal epithelial barrier
After successfully penetrating through the mucus layer, NPs
are faced with the intestinal epithelium [43], which is the ma-
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Fig. 2. Schematic illustration of the fate of NPs in the mucus: (1) NPs are excluded
by mucus; (2) NPs are trapped in mucus; (3) NPs penetrate through mucus.
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Fig. 3. Schematic illustration of the fate of NPs in the intestinal epithelial.
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Fig. 4. Schematic illustration of the challenge of NPs in the bloodstream.

jor transport barrier. It has been reported that NPs can be taken
up in particulate form in the intestinal epithelium [44]. How-
ever the specific mechanism remains to be illustrated. Currently,
there are three known uptake mechanisms (Fig. 3): (1) tran-
scytosis; (2) transcellular uptake; and (3) paracellular transport
[37]. Different mechanisms of absorption may coexist, depending
on the drug delivery system [43]. The intestinal uptake of NPs
can be optimized by adapting their physicochemical properties
or using technique based on receptor-and transporter-mediated
endocytosis [45].

2.3. The challenges in the bloodstream

After passage of the intestinal epithelial barrier, NPs can en-
ter the bloodstream or lymph circulation. NPs, that entered the
lymphatic circulation, can avoid presystemic hepatic first-pass
metabolism and finally enter into the bloodstream [46]. Once NPs
are exposed to blood, they may disassociate in blood, resulting
leakage of payload [47] since the biological environment in blood
is also complex [48]. Besides, the intact NPs would face two main
obstacles (Fig. 4): (1) adsorption of proteins; (2) interactions with
phagocytes [49]. Apparently, this process may decrease amounts of
NPs available for accumulation in the brain.
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Fig. 5. Schematic illustration of NPs crossed the BBB via either receptor-mediated
transcytosis or adsorptive-mediated transcytosis.

2.4. The difficulty to reach the brain

Part of the orally administered NPs eventually reaches the BBB.
The BBB is responsible for brain protection and homeostasis. It re-
fuses the access of exotic substances to the brain and only small
molecules (usually lipid soluble molecules whose molecular weight
<400Da) can penetrate the BBB [50]. According to current re-
search, two strategies are mainly employed for NPs to cross the
BBB (Fig. 5): (1) receptor-mediated transcytosis based on specific
ligands [51]; (2) adsorption-mediated transcytosis based on the
electrostatic attraction [52]. However, the detailed understanding
on the mechanism of trans-BBB NPs delivery was still limited. Be-
sides, the efficiency of oral NPs delivery to the brain was very low,
almost 0.1%-0.3% of the initial oral dose [35,36] while the best NPs
formulation delivered up to 5% of the initial dose penetrating the
BBB effectively through intravenous injection [51]. Regarding this
issue, designing a strategy for more effective BBB penetration is
important.

3. Key factors to oral delivery of PE-NPs for brain-targeting

Parameters like size, shape, and surface charge are potential fac-
tors influencing the performance of PE-NPs and have gained in-
terests or application in oral brain drugs (Table 2). Recommended
size, shape and surface charge of oral delivery of PE-NPs for brain-
targeting are 50-200 nm in diameter, spherical in shape and —1 mV
~—15mV in zeta potential, respectively (Fig. S1 in Supporting in-
formation). And the reasons why these values are recommended
can be found in the supporting information. Yet little was known
about the crucial parameters of PE-NPs and their connections de-
termining oral PE-NPs efficiency of brain targeting. For instance, it
was speculated that only NPs up to 64nm with neutral or nega-
tive charges could access the brain tissue and reach neuronal so-
mata by passive diffusion [53], indicating that NPs size was a key
parameter for bypassing of the BBB [54]. However, some studies
found that neither charge nor size of NPs, but surface modifica-
tion of NPs was the decisive factor determining NPs penetration
through the BBB in vivo [55]. For example, Voigt et al. [56] car-
ried out real-time imaging of retinal blood vessels and retinal tis-
sue by in vivo confocal neuroimaging after administration of a va-
riety of NPs which differed in size (67-464 nm) and zeta-potential
(=51-20mV). Their findings demonstrated that NPs fabricated with
cationic or non-ionic surfactants achieved successful BBB penetra-
tion. In their work, the effect of surfactants was found dependent
on charge: (1) non-ionic surfactants induced BBB penetration to
enhance drug delivery; (2) anionic surfactants prevented BBB pen-
etration to reduce NPs brain entrance. With this in mind, it was
important to understand the physiology and pathophysiology of
the GI tract and BBB modifications for the purpose of utilizing
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Table 2
Key factors of oral delivery of PE-NPs for brain-targeting researches.
Drug delivery Preparation method Shape Dosage form (mean Zeta Encapsulation Indications Refs.
system particle size) potential efficiency
Schisantherin A Flash Sphere Aqueous —24.7 mV 91% Parkinson’s [21]
(SA) loaded nanoprecipitation nanosuspension disease
PEG-PLGA NPs method (70 nm)
Memantine (MEM) Modified double Sphere Aqueous —224 mV - Alzheimer’s [12]
loaded PEG-PLGA emulsion method nanosuspension disease
NPs (152.6 nm)
Chelidonine (CHE) Displacement Sphere Aqueous —19.6 mV 82.6% Brain cancer [22]
loaded PLGA NPs technique nanosuspension
(123 nm)
SPION loaded PLGA Emulsion-diffusion- Sphere Aqueous +53.3 mV - Imaging of [23]
NPs evaporation nanosuspension cerebral tissue
method (67 nm)
Estradiol (EST) Emulsion-diffusion- Sphere Aqueous —3.6 mV 50.7% Alzheimer’s [24]
loaded PLGA NPs evaporation nanosuspension disease
method (157 nm)
Cyclosporine A Emulsion-diffusion- Sphere Freeze-dried - 45% Brain diseases [25]
(CsA) loaded evaporation powder (157 nm)
GA-PLGA NPs method
Ergosterol (ERG) Emulsion/solvent Sphere Aqueous -19.27 mV 76.29% Brain cancer [26]
loaded PLGA NPs evaporation method nanosuspension
(156.9 nm)
Puerarin (PU) Antisolvent Sphere Aqueous —18.85 mV 89.52% Parkinson’s [27]
loaded 6-s-PLGA precipitation approach nanosuspension disease
NPs (88.36 nm)
Dual-drug Double emulsion - Aqueous —-15 mV >97% Alzheimer's [14]
(Epigallocatechin- method nanosuspension disease
3-gallate (EGCG), (124.8 nm)
ascorbic acid (AA))
loaded PEG-PLGA
NPs
Irinotecan (IRI) Double emulsion Sphere Freeze-dried +14.67 mV 76.86% Brain diseases [28]
loaded PLGA NPs (o/w)-solvent powders
evaporation methods (166.9 nm)
Dexibuprofen Solvent displacement Sphere Aqueous —-10 mV 95% Alzheimer’s [29]
(DEX) loaded method nanosuspension disease
PLGA-PEG NPs (195.4nm)
Curcumin (CUR) Emulsion-diffusion- Sphere Aqueous +55.2 mV 58.9% Cerebral [13]
loaded PLGA-PEG evaporation nanosuspension ischemia-
NPs method (133nm) reperfusion
Curcumin (CUR) Single emulsion Sphere Freeze-dried -13.8 mV 37.9% Cerebral [30]
loaded PLGA NPs solvent evaporation powder (495 nm) malaria
method
Curcumin (CUR) Flash Sphere Spray-dried —33.1 mV 92.4% Brain diseases [31]
loaded PLGA NPs nanoprecipitation powders
(165.8 nm)
Curcumin (CUR) Flash Sphere Spray-dried —-2.5 mV 95.4% Brain diseases [31]
loaded PEG-PLA nanoprecipitation powders
NPs (144.9nm)
ATDs Multiple emulsion and - Vacuum-dried - RIF: 55.91% Cerebral [32]
(RIF+1SO+PYR+ETH)  solvent evaporation powders 1SO: 67.34% tuberculosis
loaded PLGA NPs technique (186-290 nm) PYR: 68.32%
ETH: 43.11%
Donepezil (DNP) Nanoprecipitation Sphere Freeze-dried —2.08 mV - Alzheimer’s [33]
loaded PEG-PCL method powders disease
NPs (137.65 nm)
Ginkgolide B (GB) Antisolvent Sphere Aqueous —12.09 mV 87.52% Parkinson’s [34]
loaded PEG-PCL precipitation nanosuspension disease
NPs (91.26 nm)

these traits to improve current oral PE-NPs technologies capable
of successfully targeting lesioned areas of the brain.

4. Current strategies to oral delivery of PE-NPs for
brain-targeting

In spite of challenges mentioned above, various PE-NPs have
been developed for oral delivery of brain drugs (Fig. 6). Those car-
rier systems are required to remain intact after bypassing majority
of the biological barriers and achieve desired delivery. To improve
the integrity of PE-NPs in vivo, various methods improving stabil-
ity and overcoming barriers of oral PE-NPs have been reported.

Then, brain-targeting efficiency and therapeutic effects have been
enhanced.

4.1. Stabilization

4.1.1. Polyester-based strategy

PLGA is one of the most widely used material for oral brain-
targeting delivery owing to its favorable safety profile, sustained-
release characteristics and easy manipulation for NPs size, thus
offering more control over drug delivery [28,57]. PLA, obtained
by the polymerization of lactic acid, is biocompatible polyester
[58,59]. PCL, a semi-crystalline formed by ring-opening polymer-
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Fig. 6. Schematic illustration of the PE-NPs-based approach enhancing efficiency of
oral delivery to brain.

ization of e-caprolactone, is also biodegradable polyester [57,60].
PLA or PCL conjugated with PEG have been demonstrated to be
promising carriers for oral delivery of brain drugs.

Generally, PE-NPs demonstrated a certain degree of stability
in vitro and in vivo, and protected brain drugs from the ero-
sive pH environment, enzyme degradation [61-64]. For exam-
ple, when exposed to the digestive environment of the GI tract,
epigallocatechin-3-gallate (EGCG) stability was improved by encap-
sulation in PLGA NPs [65], and the formulation displayed charac-
teristics of sustained release. Then intact NPs crossed the BBB by
absorptive transcytosis [14,66,67] and reduced neuro-inflammation
and AB plaque/peptide burden in APP/PS1 mice [14]. Similarly,
previous studies reported by Mitta’s group showed that estradiol-
loaded PLGA NPs exhibited 8.5-fold increase in brain-targeting effi-
ciency than free estradiol after oral administration [24]. They found
that the amount of the drug released in vitro and the Cpax of the
drug in the plasma increased with a decrease in molecular weight
and lactide content of PLGA [68]. Therefore, it was feasible to al-
ter properties of PE-NPs by altering polyester molecular charac-
teristics [69]. For instance, star-shaped PLGA NPs were reported
with higher drug loading efficiency than linear PLGA NPs owing
to their ordered branched structure with multiple arms organized
around a core [70]. While choosing six-armed star-shaped PLGA
NPs (6-s-PLGA) to encapsulate puerarin (PU) (Fig. S2a in Support-
ing information), cellular internalization and permeation were sig-
nificantly improved. Then, a 6.1-fold and 2.3-fold enhancement of
the Cmax in plasma and brain, respectively, was achieved compared
with free PU administered orally, thus improving neuroprotective
effects [27]. And to investigate whether the NPs were transported
as a whole, NPs labeled with FRET dyes were used, and intact NPs
were observed in the intestines and brain following oral adminis-
tration via FRET imaging (Fig. S2b in Supporting information) [27],
indicating the promotive effect brought by branched PLGA.

4.12. Surfactant-based strategy

To improve the stability of PE-NPs, surfactants, such as Tween-
80 (T-80), polyvinyl alcohol (PVA) and sodium dodecyl sulfate, have
been added into PE-NPs [71,72]. Those adsorbed surfactants further
stabilized PE-NPs via electrostatic and steric repulsion [73]. For in-
stance, poloxamer 188 stabilized PEG-PCL NPs loading Ginkgolide
B (GB) [34] by the formation of protective hydrophilic coating lay-
ers which increased inter-particle steric repulsion [74] and pre-
served the structural integrity of the PE-NPs [75]. These PEG-
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PCL NPs were internalized into Madin-Darby canine kidney cells
mainly by clathrin-dependent endocytosis and lipid raft/caveolae-
mediated endocytosis, and then accumulated in the endoplasmic
reticulum and lysosomes. Further study confirmed that those PEG-
PCL NPs readily transported across the chorion, GI barriers and
BBB in zebrafish [34]. Accordingly, PEG-PCL NPs increased Cmax
of GB in the brain (0.17 £0.01pug/g) by nearly 2 folds vs. free
GB (0.09+£0.01pg/g) via oral administration and achieved supe-
rior therapeutic efficacy by using murine Parkinson’s disease model
[34].

Currently, the application of different surfactants on the same
nano-system was reported to have various benefits [76]. Eventu-
ally, the concentration and therapeutic effect of PE-NPs in the brain
changed accordingly. For example, adding surfactants to PLGA NPs
formulation of superparamagnetic iron oxide nanoparticles (SPION)
was reported to stabilize PLGA NPs, and then influenced their bio-
distribution [77]. SPION loaded PLGA NPs stabilized by didodecyl-
dimethyl-ammonium-bromide (DMAB) (SPION-DMAB NPs) were
found with better colloidal stability than those stabilized by «-
tocopheryl-polyetheleneglycol-succinate (TPGS) (SPION-TPGS NPs)
[23] due to the positive charge brought by DMAB [78] while TPGS
was an efficient emulsifier to help cellular uptake and extend blood
circulation time of drugs [79,80]. In the in vivo study, they found
that oral administration of SPION-DMAB NPs on day 7 resulted
in ~3.3-fold higher concentration of Fe accumulating in the brain
(9.73 £ 1.54mg/kg tissue weight) compared with SPION-TPGS NPs
(3.05+£0.28 mg/kg tissue weight) [23]. This improvement in brain-
targeting may be attributed to the better stability of SPION-DMAB
NPs and higher diffusive capability [81]. Interestingly, SPION-DMAB
NPs were found mainly internalized in the brain while SPION-TPGS
NPs were in the liver on day 7 (Fig. S3 in Supporting information)
[23]. However, the theoretical connection between the stability of
PE-NPs and the efficacy of the surfactant was unknown. The tradi-
tional selection was based trial and error approach, which required
vast amounts of effort and wasted a lot of time [72]. Fortunately,
colloidal probe microscopy has been commonly used to investigate
interactions between colloidal particles and is expected to become
a helpful tool for surfactant screening [82].

4.2. Absorption enhancement in the GI tract

4.2.1. Overcoming mucus barrier

There have been mainly two different approaches overcoming
the mucus barrier: the use of mucus-penetrating materials and
mucoadhesive materials [37]. Mucoadhesive materials endowed
NPs with prolonged residence time in the mucus layer [46], which
may result to degradation of the NPs [83]. Besides, NPs cov-
ered by muco-adhesive materials were often trapped in mucus
layer [84], and their oral absorption was further reduced by fast
turnover (between 50 and 270 min) and continuously secreted mu-
cus [1]. Therefore, muco-adhesive strategy may not be suitable
for enhancing the efficiency of oral brain drugs delivery. Mucus-
penetrating materials were biomaterials designed to help PE-NPs
diffuse through the mucus layers [85] by reducing the retention
time of PE-NPs in mucus. Intact PE-NPs interacted directly with
the epithelial cells, thus enhancing the intestinal absorption and
brain uptake of PE-NPs [37]. For example, compared with unmod-
ified PLGA NPs, Pluronic F127 modified PLGA NPs showed a 2-
fold increase in the efficiency of mucus penetration [86] while
plasma concentrations of NPs were significantly enhanced by 1.5-
fold, which resulted in an increase of NPs concentration in the
brain on day 7 after oral administration [87]. PEGylation is one
feasible way in improving mucus-penetrating ability, which re-
duces electrostatic and hydrophobic interaction between mucins
and PE-NPs [83]. For instance, the model photosensitizer (mTHPP)
loaded PLGA-PEG NPs increased 17-fold accumulation of mTHPP in
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mucus-secreting HT-29-MTX cells compared to PLGA NPs. Fluores-
cence microscopy further confirmed the effect of PLGA-PEG NPs by
higher intensity of red fluorescence (Fig. S4 in Supporting informa-
tion) [88]. Generally, NPs modified with low molecular weight PEG
were often found with concentration-dependent reduction on mu-
cus adhesion [89-91]. It should be noted that mucus-penetrating
materials usually were hydrophilic polymers while NPs with hy-
drophobic surface was easier to be taken by M cells, enterocytes
[37] and BBB [51]. Therefore the hydrophilic/hydrophobic balance
needs to be further considered for the subsequent uptake.

4.2.2. Uptaken by the intestinal epithelium

Evidence is accumulating to support that integral NPs are able
to be delivered across the intestinal epithelia [92]. For example,
Tang et al. used fluorescence imaging tools to obtain evidence of
trans-epithelial transport of intact PLGA NPs. Their results sug-
gested that intact NPs crossed the intestinal barrier into circula-
tion and then accumulated at C. neoformans infected lungs [93].
Similarly, Yin et al. employed fluorescent probes to illustrate the
fate of lectin-conjugated PLGA NPs and found the absorption and
transportation of integral NPs into the systematic circulation. Sub-
sequently, a significant amount of lectin-conjugated PLGA NPs was
detected in the liver and spleen (0.16%-0.37% and 0.15%-0.27%
of dose) while just a small amount was observed in the heart
and stomach (<0.04% of dose) [94]. With intact NPs penetrate
across the intestinal epithelia and reach the systemic circulation,
the targeting to the brain is highly expectable [95]. To enhance
the intestinal absorption of conventional PE-NPs, whole PE-NPs
were functionalized with different targeting ligands [96]. However,
receptor-and transporter-mediated brain-targeting must be consid-
ered at the same time. Otherwise, PE-NPs would be diverted to
other tissues rather than the brain after efficient oral absorption.
For example, various bile acids, proved to enhance the oral deliv-
erability of PE-NPs, usually targeted to liver via oral route due to
active transportation of bile acids by their transporters from the GI
tract to liver [97].

Modification of NPs with ligands has been proved to promote
cellular targeting and intestinal uptake via receptor-mediated en-
docytosis [96]. Various types of peptide ligands, including lectins
[98], transferrin [99], neonatal Fc [100] and RGD (arginine-glycine-
aspartate) [101] were utilized for the said purpose. For instance,
transferrin (Tf) binds to the transferrin receptor (TfR) expressed in
both the GI tract [102] and the BBB [103], making it a possible lig-
and for oral PE-NPs delivery to the brain. However, TfR is almost
saturated with endogenous Tf in the bloodstream [52], indicating a
compromised delivery efficiency [103].

It should be noted that some peptide ligands may have stabil-
ity problem in the GI tract [83]. Therefore, non-peptide ligands, in-
cluding gambogic acid (GA), were employed to improve uptake of
NPs across the GI tract. To further enhance the efficiency of brain-
targeting, the selected ligands are required to bind with receptors
of the BBB. GA is a naturally occurring xanthone which can bind to
TfR [104]. This process was carrier-mediated and non-competitive
active transport via active targeting [105,106]. For instance, cy-
closporine (CsA) was formulated into a series of GA-conjugated
PLGA NPs (GA-PLGA NPs which differed in surface GA density).
The intestinal uptake of GA-PLGA NPs increased with increasing
GA density on the NPs surface (Figs. S5a in Supporting informa-
tion). And at least 2-fold increase in plasma concentration at 6h
and brain concentration at 72h of CsA was observed compared to
PLGA NPs after oral administration (Figs. S5b and ¢ in Supporting
information) [25], indicating the transport efficiency of GA.

In view of the heterogeneity and variability of membrane re-
ceptors, membrane transporters are preferred for efficient drug de-
livery as new targeting sites [107] as inspired by the transport
of nutrients [102]. More importantly, these transporters also ex-

Chinese Chemical Letters 34 (2023) 107691

pressed on BBB [103]. Some examples included natural substrates
and derivatives, such as amino acids [108], vitamins [109] and car-
nitine [110]. For instance, Luo et al. successfully prepared ascor-
bate (As)-conjugated NPs (As-PLGA NPs) (Fig. S6a in Supporting
information) to improve oral delivery of PTX. The result showed
that As-PLGA NPs loading PTX improved membrane permeability
(Pegr) and absorption rate (K,) more effectively than PLGA NPs,
and highest improvement of P.; and K; was 2.26-fold and 2.6-
fold respectively (Fig. S6b in Supporting information). The possible
mechanism was attributed to the interaction of As with sodium-
dependent vitamin C transporter 1 (SVCT1) on the epithelial cells
(Fig. S6¢ in Supporting information). The accumulation of As-PLGA
NPs in the villi and their penetration to the basolateral side re-
markably increased intestinal absorption [111]. The Na*-coupled
organic cation/carnitine transporter 2 (OCTN2) was also used for
targeting PTX delivery [110]. OCTN2 was expressed in the small
intestine for L-carnitine (LC) transportation [112]. And Kou et al.
developed LC conjugated PLGA NPs for oral delivery of PTX. In-
testinal absorption experiments demonstrated that the apparent
permeability coefficient (Papp) and K, for the drug increased al-
most 2-fold when LC was conjugated to PLGA NPs. Further studies
suggested that the OCTN2-mediated endocytosis/transcytosis en-
hanced intestinal absorption and cellular uptake of PTX rather than
the traditional transmembrane transport (Fig. S7a in Supporting in-
formation) [110]. Interestingly, it was found that the predominant
transportation route for oral absorption of NPs was the lymphatic
system. In the subsequent pharmacokinetics study, the Cpax of PTX
for LC-PLGA NPs in plasma was 5.3-fold higher than for PLGA NPs
[110]. Besides, the OCTN2 transporter was also highly expressed on
brain capillary endothelial cells, indicating its potential for brain-
targeting [110]. For example, Kou et al. then found that LC-PLGA
NPs enhanced the brain accumulation of PTX up to 11-fold com-
pared to PLGA NPs after intravenous injection. The enhanced brain
accumulation was attributed to LC-mediated cellular recognition
and internalization [113]. They confirmed that OCTN2 significantly
promoted the transcytosis of NPs across the BBB, and then im-
proved the uptake of NPs in brain and anti-glioma efficacy (Fig.
S7b in Supporting information) [113]. The results mentioned above
suggested that LC conjugated PE-NPs hold bright prospects for oral
delivery of brain drugs across the intestinal wall and BBB. How-
ever, oral delivery systems based on LC conjugated PLGA NPs for
brain-targeting have not been investigated, which is a promising
nano-platform in the future.

4.3. Prolonged circulation in the bloodstream

PEGylation, a strategy originally designed to extend the half-life
of drugs in the bloodstream [114], has also been widely applied in
the oral delivery of PE-NPs for brain-targeting to overcome obsta-
cles by the bloodstream [12,29]. For instance, PLGA-PEG NPs sig-
nificantly increased Ty, of schisantherin A (SA) in plasma up to
20.87 h, which was 3.31-fold longer than free SA (T, of 6.31h),
indicating less elimination of SA loaded PLGA-PEG NPs in plasma.
Intact PLGA-PEG NPs was internalized into cells, and fluorescence
resonance energy transfer (FRET) imaging further suggested that
PLGA-PEG NPs were maintained intact in the intestine and brain
after oral administration for 2 h (Figs. S8a and b in Supporting in-
formation) [21]. And the PLGA-PEG NPs significantly enhanced the
Cmax of SA in plasma and brain by 6.3-fold and 10.8-fold, respec-
tively, versus free SA via oral administration (Fig. S8c in Support-
ing information), and thus improved the anti-parkinsonian activ-
ity of SA. The result was ascribed to increased systematic circula-
tion time. Similar results were reported by Elena et al. who found
that oral administration of dexibuprofen (DEX)-loaded PLGA-PEG
NPs particularly improved memory impairment and induced a sig-
nificant reduction in amylogenesis in the treatment of Alzheimer’s
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disease compared to free DEX [29]. Generally, longer circulation
time laid the foundation to better brain-targeting. Specifically, PEG
chains on PE-NPs surface formed a protective layer [115], not only
protecting NPs in the GI tract, but also minimizing interactions
with protein or macrophages to overcome concerns of clearance by
the mononuclear phagocyte system (MPS), thus prolonging circu-
lation time [116]. And the extended circulation time enhanced the
possibility of the PE-NPs to interact with the BBB [117]. For exam-
ple, PE-NPs prepared by the blend of PEG and PLGA increased 16.8-
fold curcumin (CUR) concentration in the brain 12 h after oral ad-
ministration compared to free CUR [13], while PLGA NPs increased
3-fold [30]. Besides, it was found that the molecular weight and
the density of PEG were important with respect to MPS uptake
[118]. For instance, less interaction with the MPS was observed
with an increase in PEG molecular [69].

4.4. Enhanced permeation across BBB

4.4.1. Surface coating strategy

The technology of surface coating has stabilized and modified
PE-NPs, and then enhanced BBB penetration. For instance, T-80
has been widely used in oral delivery for brain-targeting for many
years [24]. For example, 0.1 mg/rat dose of estradiol loaded PLGA
NPs coated with T-80 showed approximately 2.3-fold and 2-fold
higher concentrations in plasma and brain 24 h after oral admin-
istration, respectively, when using uncoated PLGA NPs as control
[24]. T-80 in blood mimicked low density lipoproteins (LDL) and
facilitated adsorption of apolipoprotein, which acted as targeting
ligands to promote brain targeting by receptor-mediated endocy-
tosis [119]. Interestingly, T-80 was reported to provide protective
action of PE-NPs in simulated gastric fluids (SGF) and simulated in-
testinal fluids (SIF) due to forming a protective layer [75]. Besides,
it was proposed that T-80 contributed in brain-targeting by inhi-
bition of efflux transporters such as P-glycoproteins [120]. Another
example was chitosan (CS) coated PE-NPs. CS modified NPs were
found with advantages like preventing degradation by enzymes,
controlled release and thus improving bioavailability in the brain
[3]. For example, the cumulative release of irinotecan (IRN) from
CS coated PLGA NPs in pH 7.4 PBS was 76.68% in 48 h [28] while
PLGA NPs was 100% [121]. In pharmacokinetic study, CS coated
PLGA NPs increased 3.53-fold and 8.03-fold the IRN concentration
in plasma and brain respectively compared with free IRN after oral
administration [28]. However, CS was also a muco-adhesive ma-
terial. To decrease the adhesion of CS with mucus, strategies like
cationic-shielding coating, surface charge regulation and chemi-
cally modified CS derivatives, were developed [43]. For example,
the partially positive charge of CS was shielded by conjugating
with Pluronic F127 [122]. Even some CS derivatives, such as alkyl-
glyceryl CS, were proved to improve blood compatibility and brain
targeting efficiency by crossing BBB [123].

To fully exert advantages of active targeting and enhance brain
uptake, strategies like double coating of T-80 and apolipopro-
tein E (ApoE) were developed. ApoE, a protein with 299 amino
acid residues [124], acted as a ligand for LDL receptors [125]. It
was found that ApoE endowed PE-NPs with active brain target-
ing by binding to LDL receptors in BBB [126]. For example, by
stirring/incubation method of T-80 (inner coating) and ApoE (ex-
terior coating), Krishna et al. [33] successfully prepared double-
coated PEG-PCL NPs loading DNP (D3-NP) (Fig. S9a in Supporting
information). In SGF and SIF, D3-NP enhanced 2 folds of a per-
centage of surfactant coating remaining (89.48% + 6.4% in SGF
and 86.54% 4+ 3.9% in SIF) compared with that of T-80 coating
PEG-PCL NPs (D2-NP) (46.8% + 5.3% in SGF and 39.72% + 5.4%
in SIF), indicating ApoE stabilized PEG-PCL NPs in the biologi-
cal fluids. More importantly, in the subsequent pharmacokinetic
test, the Cpax and AUCy; of DNP in the brain for D3-NP were 2-
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and 2.5-fold, 3-fold and 3.5-fold higher than that of D2-NP and
PEG-PCL NPs (D1-NP), respectively (Figs. S9b and c in Support-
ing information) [33]. Accordingly, D3-NP showed the highest AChE
(the major biological marker for Alzheimer’s disease) inhibitory ac-
tivity in the pharmacodynamic studies. And main mechanism to
cross BBB was attributed to receptor-mediated transport (Fig. S9d
in Supporting information). These results indicated that PE-NPs
with double-coating were promising. However, the interaction be-
tween double coating and PE-NPs was not considered in the stud-
ies, which may lead to a deviation from the constant size ranges
of PE-NPs formulations [127]. Apart from double coating of T-80
and ApoE, other types of double coating can also be added to the
surface of NPs. For example, double coating of T-80 and PEG on
NPs for oral delivery enhanced their blood circulation and brain
uptake [127].

4.4.2. The covalently bonding strategy

Because surface coating was adsorbed to PE-NPs surface via re-
versible physical adhesion [128], decoating would occur upon dras-
tic environment change [46], resulting in particle aggregation or
reduced brain targeting. Therefore, PE-NPs system with covalent
conjugated materials would be a potential approach to avoid de-
coating issues. It was proved that covalent bonding of PE-NPs was
superior to physical attachment [129] for the reason that covalent
interaction was stronger than the van der Waals interaction.

Conjugation of ligands onto NPs surface, such as ApoE, Tf and
lactoferrin, has been widely used to improve brain uptake of NPs
[130]. For example, Raudszus et al. coupled ApoE to the surface
of PLA NPs (ApoE-PLA NPs) to increase BBB targeting. They com-
pared the cellular uptake of Lumogen®Red loaded ApoE-PLA NPs
and PLA NPs with human brain microvascular endothelial cells
(HBMEC) by fluorescence microscopy. Their results showed a 2-
fold enhancement in cellular uptake of ApoE-PLA NPs (Fig. S10a
in Supporting information) [131], indicating the necessity of ligand
coupling. Girotra and Singh confirmed that ApoE conjugated NPs
have higher brain targeting ability and anti-migraine activity than
T-80 coated NPs, which was ascribed to facilitated BBB trespassing
achieved by ApoE grafting [129]. Another example was Tf. For in-
stance, Tf-grafted PLGA-PEG NPs (Tf-PEG-PLGA NPs) were designed
and prepared to deliver clofazimine to treat central nervous sys-
tem tuberculosis. And the Tf-PEG-PLGA NPs were found to inter-
act with brain endothelial hCMEC/D3 cell by TfR-mediated mech-
anism (Fig. S10b in Supporting information), suggesting the BBB
targeting potential of Tf-PEG-PLGA NPs [132]. However, the action
of NPs may be hampered by competitive binding of endogenous
Tf [103], which presents some limitation on the Tf-based strategy.
As an alternative, GA [25] and antibodies against TfR [133] were
developed to avoid ligand competition. For instance, 0X26 mon-
oclonal antibody conjugated PLGA NPs was successfully applied
for brain delivery and exhibited better analgesic effects compared
with PLGA NPs [134]. But Tf and antibodies against TfR proba-
bly encountered GI stability issues [96] as compared to GA, in-
dicating the necessity of ligand stabilization in the GI tract. Fur-
thermore, brain-targeting ability of GA conjugated PE-NPs via oral
route has been confirmed by Saini et al. [25], which was mentioned
before.

Another major mechanism for brain delivery was transporter-
mediated transcytosis [107]. For example, a recent study con-
structed galantamine (GLM)-loaded PLGA-PEG NPs with ascorbic
acid (Asc) conjugated at the outer terminus of PEG to target the
sodium dependent-vitamin C transporters (SVCT2). Specific uptake
of Asc-PEG-PLGA NPs via SVCT2 transporters was confirmed by
fluorescence microscopy in SVCT2 expressing NIH/3T3 cells. The
results demonstrated significantly higher uptake of Asc-PEG-PLGA
NPs compared to PLGA-PEG NPs (Figs. S11a and b in Supporting
information). Subsequently, biodistribution studies demonstrated
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that Asc-PEG-PLGA NPs increased 3.9-fold the brain concentration
of GLM as compared to PEG-PLGA NPs, and thus showed higher
acetyl choline activity, retention of memory and AChE inhibitory
activity as compared with the non-modified group in vivo phar-
macodynamic studies [135]. However, transporters were also ex-
pressed on normal cells and avoiding the off-target distribution of
PE-NPs was still a problem [107]. It was noteworthy that, in cer-
tain situations such as brain tumor, overexpression of transporters
like amino acid transporters was noticed [136]. Thus, the possible
solution was finding certain transporters overexpressed in partic-
ular brain diseases, which can reduce drug side effects. Besides,
dual-ligand based on receptor-and/or transporter-targeting may be
another alternative to overcome the disadvantages of receptor or
transporter saturation [103]. For example, the strategy of crosslink-
ing lactoferrin (Lf) and folic acid (FA) to the surface of PLGA NPs
(Lf/FA/PLGA NPs) was already developed (Fig. S11c¢ in Supporting
information) to treat glioma [137].

4.5. Multiple contradictions in PE-NPs design

Each barrier has its own microenvironment, which imposes dif-
ferent requirements on the physicochemical properties of PE-NPs,
thus further complicating the delivery process. Accordingly, there
were multiple contradictions concerning NPs size, charge and sur-
face modification. For example, NPs larger than 130 nm had higher
possibility of being absorbed through M cells [138], and NPs be-
tween 50nm and 500 nm were identified as ideal for absorption
by enterocytes [139], whereas NPs under 100 nm were easier to be
uptake by BBB [140-142]. NPs with hydrophobic surface had sig-
nificantly more uptake by M cells but also enhanced interactions
with mucus [37]. Another example was that positively charged NPs
may be trapped in the mucus [143] while they could be more
readily taken up by cells [144,145]. Neutral NPs tend to exhibit
prolonged blood circulation [146], whereas positively charged NPs
can be more effectively internalized by cells in the GI tract and
BBB [147,148]. In order to balance these contradictions, ‘smart’
drug delivery systems, which were capable of changing their prop-
erties to adapt to the environment of each barrier, were a po-
tential strategy. Fortunately, studies on intravenous administration
of anti-cancer drug delivery systems have provided abundant ex-
amples for resolving the contradiction in the oral brain-targeting
process [149-151]. For instance, Huang et al. developed a ‘smart’
nanoparticle system decorating with dtACPP (an activatable CPP)
to treat glioma (Fig. S12a in Supporting information) [150]. The
‘smart’ nanoparticle system “turned off” their internalization abil-
ity during circulation. However, the enhanced cellular uptake was
readily activated in a tumor microenvironment. By using a real
time fluorescence imaging technique, they confirmed that dtACPP
modified NPs showed higher accumulation in the brain compared
with non-smart nanoparticle system (non-modified NPs and CPP
modified NPs) (Fig. S12b in Supporting information). Accordingly,
dtACPP modified NPs induced more tumor cell apoptosis and pos-
sessed better antitumor efficacy [150]. This finding demonstrated
that ‘smart’ drug delivery systems were promising in addressing
the contradictory designs needed for oral delivery of PE-NPs to the
brain.

5. Conclusion and future prospects

Although brain diseases differ in pathogeny, they share com-
mon obstacles in terms of oral therapy. Those obstacles are posed
by the GI tract, the bloodstream and the BBB. Among them, BBB
plays the most challenging part in oral drug delivery to the brain.
Fortunately, intact PE-NPs have the ability to deliver drugs to the
brain in a controlled and sustained way. These PE-NPs systems pre-
sented versatility in their size, shape, charge, and surface function-
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alization, which allowed them to be stable in the GI tract, circulate
in the bloodstream, penetrate the BBB, and then influence the effi-
ciency of oral delivery for brain-targeting. By tuning those parame-
ters, many attempts have been made to obtain more stable PE-NPs
in vivo, like shape-switching PE-NPs and ‘smart’ drug delivery sys-
tems.

During the transit of PE-NPs from the GI tract to the brain, PE-
NPs are gradually broken down. Only PE-NPs that survive the harsh
GI environment, manage to be absorbed by intestinal epithelia, and
then are carried through the blood circulation can reach the BBB
and being absorbed thereafter. To improve the BBB penetration of
intact PE-NPs via oral rote, the initial challenge for oral PE-NPs de-
livery to the brain was to maintain the integrity of PE-NPs during
the oral absorption process, thereby enhancing PE-NPs concentra-
tion in the blood. Then, stealth technology of PE-NPs, like PEGyla-
tion, allowed them to circulate long enough in blood, and thus en-
hanced the amounts of PE-NPs to cross the BBB. Recent advances
focused on surface modification with coating material and ligand
to modulate their brain-targeted ability after oral administration.
Among those methods, surface coating technology was most stud-
ied because of its simple process based on the stirring/incubation
method, while polyester-ligand strategy was a relatively new area
that was based on complex synthesis process and was harder to
achieve. They can both enhanced the stability and target ability
of PE-NPs. However, surface coating strategy was based on phys-
ical adsorption, and reduced brain targeting happens when pre-
mature decoating occurs. Therefore, covalent ligand conjugation
technology may be a better method. Besides, the selection of be-
nign material to form the core was also important. Because brain
drugs encapsulated in the polyester matrix were released from the
polyester, and the types of polyester played a critical role in the
stability of PE-NPs.

In the treatment of neurodegenerative diseases, such as
Alzheimer’s disease and Parkinson’s disease, oral medications are
preferred. Oral delivery PE-NPs strategies potentially have impli-
cations for the management of those diseases. However, single
strategy was difficult to achieve desirable therapeutic effect. The
combination of two or more strategies was promising yet neces-
sary. Besides, the influence of some key parameters of PE-NPs on
the treatment effect of brain disease, like size, shape and surface
charge, should be considered. However, those carrier systems en-
capsulated drugs via physical blending, which may lead to pay-
load leakage in the process and reduce concentrations of drugs in
the brain. Recently, the conjugation of brain drugs with synthetic
polymers to assemble into NPs has the potential to overcome this
limitation. Additionally, brain-targeting clinical trials have included
studies on brain-targeting immune cells and monoclonal antibod-
ies, such as intracerebroventricular injection of EGFRVIII-CAR T
cells in patients with leptomeningeal disease secondary to glioblas-
toma and intravenous infusions of PRX002/RG7935 (PRX002) in
patients with Parkinson’s disease. Administering patients with
EGFRVIII-CAR T cells may aid in the recognition and destruction
of brain tumor cells in patients. PRX002/RG7935 (PRX002) in-
hibits the transfer of presumed pathogenic forms of «-synuclein
from neuron to neuron, thereby potentially protecting neurons and
slowing disease progression. Under the above circumstances, ad-
junctive therapy with oral medications is a potential approach.
In the future, it may be possible to combine PE-NPs with im-
munotherapy to enhance the therapeutic effect of a variety of brain
diseases.
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