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Neurodegenerative diseases (NDs), including Alzheimer’s disease (AD) and Parkinson’s disease (PD),

threaten the health of an ever-growing number of older people worldwide; so far, there are no effective

cures. Significant efforts have been devoted to developing new drugs for NDs in recent years, and some

small molecules have been shown to be promising in preclinical studies. However, the major challenge

for brain-targeting drugs is how to efficiently deliver the drugs across the blood–brain barrier (BBB) to

desired targets. To address this issue, liposomal delivery systems have proved to be ideal carriers for

neuroprotective small molecules. Here, we summarize recent advances in the brain-targeting liposomal

delivery of small hydrophobic molecules (SHMs) and propose strategies for developing liposomal SHMs

as disease-modifying neurotherapeutics for NDs.
Introduction
NDs, including AD, PD, Huntington’s disease (HD), and amyo-

trophic lateral sclerosis (ALS), share similar pathological features

manifested as abnormal protein aggregations in specific degener-

ative neuronal cells. The ever-growing number of patients with

NDs globally has become the biggest challenge for the healthcare

system. For example, approximately 27 million people globally

have dementia, of which half are related to AD. The prevalence of

NDs is expected to triple by 2050 [1]. In the case of PD, the number

of patients was reported to be over 6.2 million in 2015, and this is

still increasing [2].

Given our limited understanding of the complicated pathogen-

esis of NDs, current therapies for NDs can only treat symptoms,

and there are no disease-modifying drugs that can halt the pro-

gression of these diseases. The major challenges for development

of new drugs for NDs include what to target and how to design and
Corresponding authors: Liu, J.-Y. (ljy5165943@126.com), Li, M. (limin@hkbu.edu.hk)
z These authors contributed equally to this paper.

1359-6446/ã 2018 Elsevier Ltd. All rights reserved.
https://doi.org/10.1016/j.drudis.2018.11.001 
specifically deliver the drugs to the desired targets. If you have the

wrong target, even a drug that hits that target will not treat the

disease. However, if you have the right target and the right drug,

but are unable to deliver the drug specifically to the target, then

the treatment also fails. For instance, the failure of the amyloid-

beta (Ab)-lowering agent tarenflurbil in the largest clinical trial for

patients with AD ever conducted raised the question of whether

Ab is the appropriate target for treatment [3]. However, the poor

pharmacokinetic profile of tarenflurbil (with a cerebrospinal fluid:

plasma ratio of 1.3% in rodents) and its poor brain penetration

were also considered to be significant factors leading to the nega-

tive results in this Phase III clinical study. In the case of levodopa

(L-DOPA), a direct precursor of dopamine (DA) and the most

widely used symptomatic therapy for PD, only 5–10% of L-DOPA

enters the central nervous system (CNS) from the usual oral dose.

The remaining drug is metabolized by the liver and eventually

causes serious peripheral adverse effects [North Maria, PhD Thesis,

Linköping University, 2017]. To overcome this problem, research-

ers have been investigating new targeting delivery systems since
www.drugdiscoverytoday.com 595
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the 1990s, reporting that one-tenth L-DOPA (5 mg/kg) incorpo-

rated into liposomes was equivalent to free drug (50 mg/kg) for

increasing DA content in murine striatum, indicating the high

efficiency of liposomal delivery for brain targeting [4]. Neverthe-

less, >40% of all drug failures in development can be attributed to

inadequate drug delivery [5].

Liposomes are currently the most widely exploited system for

brain-targeting drug delivery [6]. Several drugs, including doxoru-

bicin (DOX) and daunorubicin, have already been approved in

liposome-based formulations on the market or for clinical trials

with NDs. Liposomes are also being used to deliver SHMs, such as

the clinically approved drug DA and its derivatives, rivastigmine,

tacrine and donepezil, to treat NDs [7–12]. In addition, natural

hydrophobic compounds, such as curcumin, quercetin, and res-

veratrol, have been increasingly reported to be neuroprotective in

animal models of NDs [13–15]. However, the main limitation to

the further development of these and SHMs is their poor bioavail-

ability because of insolubility and/or susceptibility to degradation.

However, liposomal delivery systems in many cases appear capable

of overcoming the problems of delivering SHMs to disease targets,

and promising preclinical results confirm their potential for appli-

cation in clinical practice, particularly in the treatment of NDs [16]

(Table 1).

Here, we summarize recent advances in the brain-targeting

liposomal delivery of SHMs. We illustrate the advantages and

strategies of liposomal systems for brain-targeting delivery of

SHMs using curcumin as an example. By critically analyzing the

data, we highlight those strategies that appear to have the most

promise for developing effective disease-modifying neurothera-

peutics for NDs.

Application of liposomal delivery systems in the
treatment of NDs
Liposomal brain delivery of poorly permeable hydrophobic
molecules
Most drugs designed to treat NDs fail to enter the CNS to generate

their therapeutic effects because of the BBB. After oral administra-

tion or injection, therapeutic agents circulating in the blood meet

the BBB, which separates the blood from the brain and extracellu-

lar fluids in the CNS [17]. The BBB comprises endothelial cells with

tight junctions, a basement membrane, and astrocyte end-feet. To

cross the BBB, drugs must first cross the endothelial cells. However,

the limited permeability of endothelial cells hinders them from

entering the brain.

The mass distribution of P-glycoprotein (P-gp) in endothelial

cells inhibits the transport of drugs into the brain. P-gp is an ATP-

dependent efflux pump that resists the influx of a variety of

lipophilic compounds as well as large (>400 Da) hydrophilic

molecules [18]. Consequently, only small lipophilic molecules,

such as oxygen, carbon dioxide, and nicotine, can permeate the

BBB into the CNS. Although it is reported that heterogeneous BBB

disruption is observed in NDs [19], it has proven impossible to

deliver drugs by taking advantage of pathological BBB leakage,

owing to the distribution of P-gp and the downregulation of

pinocytosis.

The limited transportation across BBB leads to the poor brain

targeting of most therapeutic agents. Thus, for the drug to reach

therapeutic levels in the CNS, a larger dosage might be required.
596 www.drugdiscoverytoday.com
However, because NDs are chronic diseases and patients are mostly

older, larger doses can bring a high risk of peripheral adverse

effects, especially after long-term administration. Thus, strategies

to overcome these problems are vital [6]. Several nanoparticles

(NPs) have been engineered to effectively deliver drugs across the

BBB without affecting its function. There are many types of NP,

including liposomes, micelles, dendrimers, carbon nanotubes, and

metal particles, that are able to do this. Among these, liposomes

have received widespread attention because they are nontoxic,

biodegradable, and biocompatible, and, therefore, show potential

for clinical application [20].

Conventional liposomes are natural or synthetic lipid spheres

that comprise single or multiple lipid bilayers surrounding an

aqueous core. The lipid components are mostly phosphatidylcho-

line, derived from egg or soybean lecithin. Given their unique self-

enclosed structure, liposomes can entrap hydrophilic agents in

their aqueous core and hydrophobic molecules into their lipid

membranes. Given their unique structure, liposomes overcome

the shortcomings of traditional formulations, such as poor aque-

ous solubility, low bioavailability, and nonspecific distribution in

the body [21,22].

There are several routes by which liposomes enable drug trans-

portation across the BBB, including passive transcellular diffusion,

carrier-mediated transport, receptor-mediated transcytosis (trans-

ferrin receptor, insulin receptor, etc.), absorptive-mediated trans-

cytosis, cell-mediated transcytosis, and efflux pumps [23].

Receptor-mediated transcytosis is the most studied transport route

for the liposome delivery system. With the help of transferrin (TfR)

or insulin receptors (IR), which are highly expressed on BBB

endothelial cells as surface conjugations, liposomes easily pass

through the BBB and carry therapeutic drugs into the CNS [22].

Similarly, liposomes can also be conjugated to monoclonal anti-

bodies of glial fibrillary acidic protein (GFAP) to cross the BBB. A

recent study reported a liposomal nanohybrid cerasome fabricated

from polysorbate 80 as a P-gp inhibitor to improve the BBB

permeability of curcumin in the treatment of PD, with remarkable

effect [24] (Fig. 1). Details of strategies to enhance the brain

targeting of liposomal delivery systems are described below.

Application of liposomal delivery systems in preclinical drug
development for NDs
In recent years, SHMs have showed significant protective effects on

different NDs in in vivo and in vitro models [25–27]. Among them,

the most popular and promising candidates are L-DOPA, DA

derivatives, rivastigmine, and natural compounds, including cur-

cumin, quercetin, and resveratrol. However, these SHMs still have

some shortcomings, such as low bioavailability, systemic adverse

effects, and water insolubility. Thus, prepared liposome formula-

tions for SHMs could provide an efficient and reliable drug delivery

system for the treatment of NDs.

L-DOPA, a bioprecursor of DA, is currently the most common

clinical drug for the treatment of PD. It converts to DA after

crossing the BBB and its activation of central DA receptors (D2)

can ameliorate the symptoms of PD. However, the main issue

associated with L-DOPA is its low bioavailability; 90% of a dose is

metabolized by the liver, eventually causing several adverse

effects, such as dyskinesias [28]. To address this problem, Cao

et al. used chitosan-coated L-DOPA nanoliposomes (NL) to prevent
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TABLE 1

Application of liposomal delivery systems in clinically approved drugs and preclinical drugs for NDs

Conventional drugs
and/or natural
products

Bioactivity Problems Liposomal composition (including
targeting ligand)

Improvement Refs

L-DOPA (Levodopa) Precursor to DA, norepinephrine,
and epinephrine

L-DOPA-induced dyskinesia Chitosan-coated L-DOPA
nanoliposomes

Scores of abnormal involuntary
movement (AIM) decreased
significantly in liposome group

[7]

DA HCL Neurotransmitters DA does not penetrate BBB Transferrin-functionalized liposomes Provided higher permeability across
BBB

[8]

DA derivative N-3,4-
bis(pivaloyloxy)-
dopamine (BPD)

DA analog Short half-life; not all BPD crossed
BBB

29 amino-acid peptide (RVG29)-
functionalized liposomes

Crossed BBB and reached striatum
and nigra efficiently; improved
therapeutic outcome of BPD in
murine PD model

[9]

Rivastigmine Acetylcholinesterase inhibitor N/A Electrosteric stealth (ESS) liposomes Fourfold increase in both plasma and
brain drug levels in vitro, ex vivo, and
in vivo

[10]

Tacrine Acetylcholinesterase inhibitor Increased liver function tests Multifunctional liposomes: EPC and
CHO (Lipo A) with Toc (Lipo B) or V3
(Lipo C) or both (Lipo D)

Marked increase in tacrine
permeability

[11]

Donepezil Binds and reversibly inactivates
cholinesterases

Low bioavailability in brain Traditional liposomes Bioavailability of DNP in plasma and
brain increased significantly

[12]

Quercetin Shows antioxidative ability to
eliminate free radicals and could
ameliorate cognitive and memory
dysfunction

Low solubility in blood, rapid
metabolism in intestine and liver,
and low uptake in brain

RMP-7- and lactoferrin-grafted
liposomes

Decreased transendothelial electrical
resistance and increased ability to
cross BBB; could reduce neurotoxicity
and improve neuronal survival

[42]

Curcumin Interferes with amyloid plaques Low solubility, instability low
bioaccessibility; high
degradability in basic medium;
poor systemic bioavailability;
unable to enter cells via plasmatic
membrane on its own

Pluronics-modified liposomes Improved stability and in vitro
bioaccessibility of curcumin

[32]

Wheat germ agglutinin- and
cardiolipin-conjugated liposomes

Significantly improved permeation of
CRM and NGFacross BBB; reduced Ab
plaque deposition and
malondialdehyde level; increased
percentage of normal neurons and
cholinergic activity in hippocampus
of AD rats

[34]

Xanthan gum-coated mucoadhesive
liposomes

Rapid transport of curcumin in brain
tissues

[16]

Conventional liposome Reduction in angiotensin-converting
enzyme activity and anticytokine
effect in target regions of brain,
which helped memory recovery

[37]

Resveratrol Activates sirtuin 1 and PGC-1a Low aqueous solubility and
relatively low bioavailability

Fusogenic liposomes Resveratrol in fusogenic liposomes
significantly enhanced fusion to cell
membranes; activated Nrf2 and
exerted antioxidative and
antiapoptotic effects in aged cells

[45]
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FIGURE 1

Different absorption pathways for the liposomal delivery of small hydrophobic molecules (SHMs) across the blood–brain barrier (BBB). Absorption pathways
include passive transcellular diffusion, carrier-mediated transport, efflux pumps, receptor-mediated transcytosis (transferrin and insulin receptors), absorptive-
mediated transcytosis, and cell-mediated transcytosis.
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the dyskinesias caused by L-DOPA overdoses. Chitosan is a cation-

ic polyelectrolyte that has been used for the preparation of films,

gels, and microcapsules. The authors found that the scores of

abnormal involuntary movement (AIM) were reduced markedly

in the liposome L-DOPA-treated cohort [7].

Other researchers have focused on increasing the permeability

of DA to across the BBB. Lopalco et al. encapsulated DA hydro-

chloride (DA-HCl) into Tf functionalized liposomes (DA-HCl-LPs)

to study its permeability in an in vitro model of the BBB [8]. Their

results showed that liposomes decorated with the uptake-facilitat-

ing Tf receptors resulted in higher permeability across the mono-

layer. Qu et al. developed a brain-targeted drug delivery system to

improve the therapeutic effects of a DA derivative N-3,4-bis(piva-

loyloxy)-DA (BPD) [9]. They used a 29 amino-acid peptide (RVG

29) from rabies virus glycoprotein as the targeting ligand. BPD

loaded in RVG29 functionalized liposomes (BPD-RVG29-lip)

showed a high penetration efficiency across the BBB. Moreover,

in vivo and ex vivo distribution experiments showed that RVG29-lip

was selectively distributed to the brain.

Rivastigmine is an acetylcholinesterase inhibitor used for the

treatment of early-stage AD and PD [25]. Nageeb El-Helaly et al.

designed an electrosteric stealth (ESS) liposomes loaded with
598 www.drugdiscoverytoday.com
rivastigmine [10]. The ESS liposomes showed a higher percentage

of drug permeating the BBB via a nasal administration compared

with the drug solution. In vivo pharmacokinetic study also showed

486% relative bioavailability of the mean brain levels compared to

rivastigmine solution [10].

Tacrine is another US Food and Drug Administration (FDA)-

approved drug for the treatment of AD [29]. However, because of

its rapid clearance from the systemic circulation, tacrine shows

dose-dependent hepatotoxicity and peripherical cholinergic ad-

verse effects. To increase the bioavailability of tacrine, Corace et al.

utilized different liposomes to encapsulate tacrine [11]. The results

indicated that multifunctional liposomes markedly increased the

permeability of tacrine and showed neuroprotective effects against

H2O2-induced oxidative injury.

Liposome formulations have also been studied for the bioavail-

ability in the brain of the commonly used anti-AD drug donepezil.

Donepezil binds and inactivates cholinesterases, therefore inhibit-

ing hydrolysis of acetylcholine and increasing the acetylcholine

concentrations. Adverse effects of donepezil included loss of ap-

petite, vomiting, and difficulty sleeping [26]. Al Asmari et al.

prepared liposome by using cholesterol, polyethylene glycol,

and 1,2-distearyl-sn-glycero-3-phosphocholine (DSPC). The bio-
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availability of donepezil in brain and plasma was significantly

increased following liposomal donepezil administration via the

intranasal route [12].

Curcumin is a natural compound isolated from turmeric Cur-

cuma longa. It shows antioxidant, anti-inflammatory, and other

pharmacological activities in many disease models. Several studies

have demonstrated the neuroprotective effects of curcumin in

experimental models of NDs [30,31]. A recent clinical study

revealed that curcumin could lead to improved memory and

attention in adults without dementia, and symptom benefits were

associated with decreases in amyloid and tau accumulation in

brain regions modulating mood and memory [32]. Similarly, in PD

studies, curcumin was able to inhibit a-synuclein aggregation and

fibril formation; in addition, orally administrated curcumin pro-

tected against neuronal loss induced by MPTP or 6-OHDA in

rodent models [33].

Although curcumin demonstrates attractive neuroprotective

efficacy, its poor aqueous solubility, low bioavailability, rapid

metabolism, and rapid systemic elimination limit its clinical ap-

plication [34]. After intravenous administration of curcumin, the

maximum serum concentration achieved was 0.36 � 0.05 mg/ml,

whereas, upon oral administration, the maximum plasma concen-

tration observed was 0.06 � 0.01 mg/ml. Likewise, intraperitoneal

administration of curcumin (0.1 g/kg) in mice showed a maximum

plasma concentration of 2.25 mg/ml, whereas the plasma level was

observed to be 0.22 mg/ml after oral treatment with curcumin

(1.0 g/kg) [35].

Liposome systems can, at least partially, improve the above-

mentioned unfavorable properties of curcumin. For example, the

oral bioavailability of liposomal curcumin was enhanced more

than twofold [36]. After intravenous administration of liposomal

curcumin, its body circulation time also increased significantly

[37]. Kuo et al. investigated the use of cardiolipin-conjugated

liposomes with surface wheat germ agglutinin (WGA) carrying

curcumin and nerve growth factor [38]. This modified liposome

prevented neurodegeneration of SK-N-MC cells, reduced Ab pla-

que deposition, and increased normal neuron percentages in the

hippocampuses of AD rats. Moreover, the WGA-curcumin/lipo-

some significantly promoted BBB permeability and ameliorated

the low bioavailability of curcumin [39]. Sokolik et al. reported that

liposomal curcumin could reduce angiotensin-converting enzyme

activity in the target regions of the brain, which helped memory

recovery in AD [40]. Specifically targeting the Ab protein, Mourtas

et al. synthesized a curcumin derivative encapsulated in multi-

functional nanosized liposomes decorated with a BBB transport

mediator (anti-Tr antibody). These anti-TrF liposomes showed a

high binding affinity for amyloid deposits and considerably

delayed the aggregation of Ab1-42 peptides [41]. Therefore, lipo-

somal curcumin is a promising therapeutic drug for the treatment

of AD.

Quercetin is a plant polyphenol found in many fruits and

vegetables. It exhibits numerous biological and pharmacological

activities. Many studies have demonstrated the antioxidative ef-

fect of quercetin in various disease models. For example, in a PD

cell model, quercetin protected MN9D dopaminergic neurons

against 6-OHDA-induced neurotoxicity [27]. Another study found

that quercetin glycosides showed neuroprotection in a PD cell

model by modulating Nsf and Opa1 gene expression [42]. Howev-
er, low solubility in the blood, rapid metabolism, and low uptake

in the brain significantly restrain its clinical application [43].

Liposomal quercetin can considerately improve the solubility

and bioavailability of quercetin, and this form of quercetin has

been shown to be an effective antioxidant for protection against

reactive oxygen species (ROS) [44]. Kuo et al. demonstrated that

RMP-7- and lactoferrin-grafted liposomal quercetin protects SK-N-

MC cells against apoptosis induced by Ab [45]. Thus, liposomes

loaded with quercetin show great promise as a system for deliver-

ing drugs to the brain in the treatment of NDs.

Similarly, resveratrol is another polyphenol with antioxidant

properties found in common foods, particularly high in grapes, red

wine, and peanuts. Resveratrol displays a range of beneficial effects

against human diseases. Accumulating evidence indicates that the

neuroprotective effect of resveratrol occurs through its modula-

tion of the activation of SIRT1 [46]. One preclinical study provided

evidence that resveratrol is a potent molecule for the treatment of

AD and PD, and various studies have verified its protective effect

against several diseases; however, its rapid metabolism in the liver

and intestinal epithelial cells means that it has extremely low

bioavailability and, therefore, has not been considered for clinical

studies [47]. In this instance, liposomes could overcome this major

limitation. Csiszar et al. encapsulated resveratrol within fusogenic

liposomes and found significant reductions in cellularly produced

ROS and apoptosis in aged cells treated with fusogenic liposomal

resveratrol [48]. In another study, treatment of PD rats with

liposomal resveratrol significantly reduced aberrant motor behav-

ior and the loss of nigral cells [49].

Current strategies for developing brain-targeting
liposomal delivery systems of SHMs
Liposomes have distinct advantages that enable them to deliver

SHMs through the brain endothelial barrier. The major drawback

of conventional liposomes, which comprise a lipid bilayer of

phospholipids and cholesterol, is their inherent instability and

susceptibility to breakdown during drug delivery. One strategy to

overcome these problems is coating the surface of liposomes with

macromolecules, such as polymers, polysaccharides, peptides,

antibodies, or aptamers, which can increase the circulation time

and the efficiency of brain-specific delivery [50–53]. Here, we

discuss current strategies for developing liposomal delivery sys-

tems of SHMs for the treatment of NDs. In Table 2, we summarize

the nanosystems and their physicochemical properties for enhanc-

ing the brain delivery of various SHMs [54–65].

Strategies for enhancing drug-loading efficiency and stability
Although liposomes can greatly improve drug delivery, they have

limitations, one of which affects pH-sensitive drugs. For example,

curcumin is unstable in neutral pH conditions [66]; however, to

improve its stability, researchers have used an evaporation method

to prepare curcumin-filled liposomes (Cur-LP). A mixture of phos-

pholipids, cholesterol, and ethanol containing curcumin (2 mg/

ml) was made into an emulsion, which was then vacuum-evapo-

rated to remove the ethanol from the solution. To maintain the

acidic pH environment inside the Cur-LPs, three different pH

conditions were used (2.5, 5, and 7.4) and a neutral pH 7.4 was

used on the outside. The physical properties of aggregation and

sedimentation, and the chemical properties in serum were studied
www.drugdiscoverytoday.com 599
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TABLE 2

Characteristics of representative liposome-like NPs for brain-targeted delivery of curcumin in the treatment of NDs

Sl no. Nanovehicle Drug and/
or probe

Particle size
(nm)

Zeta
potential
(mV)

EE% LC% Disease In vivo,
in vitro,
ex vivo

Route of
administration

Other
major findings

Refs

1 Curcumin-loaded
nanocapsules

Curcumin
chitosan-Si

250 80.2 � 2.2 <Swiss mice Intravenous Curcumin
bioavailability from
NPs higher than
from curcumin
suspension

[54]

Curcumin
chitosan-Ab

300 75.7 � 3.9 Brain targeting

Curcumin
chitosan-Bi

400 92.8 � 3.7

2 Multifunctional
liposomes

Curcumin 136 � 18 �3.71 � 0.72
AD FVB mice; APP PS1

mice; APPswe
PSEN1dE9 mice
Brain tissue from
patients with AD

Intravenous Increased stealth
properties of
liposomes by
reducing uptake by
liver and spleen

[55]

3 Multifunctional
nanoliposomes

Curcumin 116.1–3.7 �6.07 + 0.47
AD Showed better

brain penetration
and reduced Ab
aggregation

[56]

4 Lipid-based NPs Curcumin
and piperine

93 � 11 �30.9 � 0.88
65 PD < Balb/c mice and

< C57BL/6 mice
Oral Enhanced

bioavailability of
curcumin and
decreased
aggregation and
fibrils of alpha
synuclein
compared with
individual drugs

[57]

5 Lipid nanocarriers Curcumin 20.75 � 0.89 �9.68 � 0.61
>99 Brain targeting Porcine nasal

mucosa
Curcumin
uniformly
distributed in nasal
mucosa; no
histopathological
changes in nasal
mucosa layer

[58]

6 Curcumin-
decorated
liposomes

Curcumin 135.3 � 0.7 to
207.2 � 8 �10.5 � 1.2 to

�14.5 � 2.4

AD In vitro binding to
Ab1–42 fibrils

Showed highest
affinity for Ab1–42

fibrils (1–5 nM)

[59]

7 Liposomes Curcumin 100.2–150 �20.7
20.45–48.75 11.1–14.1 Brain targeting <,Wistar rat Intranasal Enhanced

intranasal
penetration, and
also increased
stability and
bioavailability

[60]
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TABLE 2 (Continued )

Sl no. Nanovehicle Drug and/
or probe

Particle size
(nm)

Zeta
potential
(mV)

EE% LC% Disease In vivo,
in vitro,
ex vivo

Route of
administration

Other
major findings

Refs

8 Polysorbate 80-
modified cerasome

Curcumin 110 �16.5–34.5
46–87 2.98–5.48 PD C57BL/6 mice Intravenous Exhibited superior

stability towards PS
80 surfactant
solubilization and
longer circulation
lifetime.

[61]

9 Lactoferrin-
nanostructured
lipid carrier

Curcumin 103.8 � 0.6 –5.80 � 0.73 96.51 � 1.87 2.60 � 0.17 AD SD rat and ICR mice Intravenous Showed sustained
release of payload
and also high
concentration in
brain coronal
section

[62]

10 Borneol-modified
ginkgolides
liposomes

Gingkolides 128.01 � 5.91 –27.2 mV 89.73 � 3.45 Cerebral
Ischemia

<Kunming strain
mice

Intravenous Increased brain
tissue penetration
with enhanced
blood brain barrier
permeability

[63]

11 Cationic bovine
serun albumin
conjugated
Tanshinone IIA
PEGylated
Nanoparticles

Tanshinone
IIA

122 16 17.8 1.6 85.6 3.2 5.86 0.8 Cerebral
Ischemia

<SD rat Intravenous Enhanced brain
uptake efficiency
than unmodified
NPs

[64]

12 Solid lipid
nanoparticles

Quercetin 159 21.05 85.73 AD <Wistar rat Intravenous Quercetin-loaded
SLNs in aluminium
chloride-treated
rats was able to
reverse the
deleterious neu-
rodegenerative
effects of
aluminium chloride

[65]
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and the in vitro release kinetics of Cur-LP was also evaluated. The

prepared LPs showed higher thermodynamic and kinetic stability

and a constant drug release profile until 72 h post administration

in vitro. Therefore, by modulating the internal pH environment of

the liposomes, the stability of hydrophobic drugs on the lipid

bilayer could be maintained for accurate delivery and release at the

relevant target site in vivo. Polyethylene glycol (PEG) is commonly

used to increase liposomal stability and ensure a longer circulation

time in the body. In another study, chitosan was used to coat

liposomes for the stable nasal delivery of fexofenadine. Results

revealed that a chitosan coating increased liposomal stability even

when stored at 4 �C for 6 months and also decreased drug leakage

by nearly 10% [67] (Fig. 2A). The stability of the liposomes can also

be enhanced by optimizing other factors, such as temperature and

the addition of cholesterol to the lipid bilayer [68].

Although currently available liposome formulations can main-

tain the stability of curcumin in various buffers, they all face the

issue of membrane leakage of the loaded drug molecules, thereby

affecting the bioavailability needed for effective therapy [69]. In

one study, the authors loaded curcumin into liposomes that were

coated with N-trimethyl chitosan chloride (TMC coating) along

with D-a-tocopheryl polyethylene glycol 1000 succinate (TPGS)

(Table 2), which enabled effective brain penetration of the lipo-

somes. Various parameters, such as zeta potential, particle size, in

vitro release, encapsulation efficiency (EE %), and drug-loading

efficiency (LE %), were evaluated. Addition of chitosan and TPGS

reduced the fluidity of the liposomal structure, which significantly

reduced the leakage and increased EE% and LE%. Thus, this can be

considered a desirable curcumin-loaded liposomal structure for

BBB penetration [70]. In another study, researchers isolated exo-

somes from mouse blood and characterized the in vitro and in vivo

brain-targeting abilities of the exosomes. Thereafter, exosomes

were loaded with DA and checked for brain distribution in 6-

OHDA-treated mouse model. Results showed that exosomes en-

hanced the brain distribution of DA especially in the striatum and

even enhanced tyrosine hydroxylase (TH) levels as well as neuro-

genesis in the mouse brain [71].

Bioactive small molecules as targeting ligands on liposomal
surfaces
Despite the low stability of hydrophobic molecules, they do bind

to Ab aggregates in vitro and in vivo. Thus, researchers conjugated

curcumin covalently to the polar head groups of phosphatidyl-

choline, which enabled the direct binding of curcumin to Ab
deposits in in vitro hAPP-overexpressing cells lines. Furthermore,

upon stereotaxic injection of Ab in the brain of mice, curcumin-

conjugated nanoliposomes (CnL) interacted with the Ab deposits

directly. Postmortem brain tissue sections from APPxPS1 AD mice

as well as from patients with AD also showed that CnLs directly

interacted with and stained the Ab deposits, revealing the clinical

relevance of CnL structures [72]. Similarly, in another study, a

small unilamellar liposome conjugated with curcumin and its

analogs was prepared using click chemistry (‘click-curcumin

liposomes’). The propensity of these liposomes to inhibit Ab fibrils

and Ab oligomers were evaluated by a thioflavin T (ThT) assay and

Ab oligomer immunoassay, which revealed click-chemistry lipo-

somes as a promising AD therapeutic strategy [73] (Fig. 2B). Other

studies also showed that the small amphiphilic molecule mono-
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sialotetrahexosylganglioside (GM1) was incorporated into lipo-

somal lipid membranes, the resulting GM1-modified rHDL

(GM1-rHDL) significantly reduced Ab1-42 compared with GM1

alone. After intranasal administration of GM1-rHDL, observations

showed enhanced BBB penetration and amelioration of memory

deficits in AD mouse models [74].

Strategies for enhancing BBB permeability
For more efficient and effective therapeutic actions, drug-loaded

liposomes need to readily cross the highly electrostatic BBB mem-

brane. One of the parameters for enhanced brain permeability

concerns the surface charge of the liposomes (positive, negative,

and neutral) [75]. Usually, positively charged liposomes are con-

sidered to have lower brain-targeting efficiency compared with

negative and neutral liposomes, owing to their ability to bind

proteins and poor brain availability [76,77] (Fig. 2C). The brain

consumes glucose as its major energy source and can be taken up

by GLUT proteins on endothelial cells; thus, one approach to

enhance the BBB permeability of drug-loaded liposomes is to

glycosylate liposomes to enhance interactions with GLUT trans-

porters, enabling them to cross the BBB. Researchers reported that

N-acetyl-glucosamine (NAG) and RGD decoration on the surface

of liposomes improved its BBB penetration [78].

In one study, ginkgolide B liposomes modified with borneol

(GGB-LP) were prepared and optimized by resonance surface

methodology (RSM). Researchers compared ginkgolide and

GGB-LP and observed that borneol-modified ginkgolide liposomes

improved BBB penetration and also enhanced the physicochemi-

cal properties of the modified liposome. The concentration of

ginkgolide B (GGB-LP) in the brain tissue was higher than the

injected forms of ginkgolide B (Table 2). Thus, this study provides a

theoretical basis for studying the neuroprotective effects of Ginkgo

biloba lactones in in vivo models of cerebral ischemia [79]. Studies

have shown that modifying the liposomal surfaces with cell-pen-

etrating peptides (CPPs) could further increase the efficiency of

delivery to the brain (Fig. 2D). Accordingly, in one study, NL were

covalently attached to a curcumin derivative (Curc) and modified

HIV transactivating transcriptional activator (TAT) peptides. TAT

is a CPP that enhances the permeability of liposomes through the

BBB. In vitro human cerebral microvascular (hCMEC/D3) cultured

cells, a known BBB cellular model, was used to evaluate the efficacy

of NL to permeate artificial BBB and target Ab. NL-Curc-TAT was

observed in perinuclear regions. Interestingly, endosomal path-

way activation was not observed, which confirmed the stability of

curcumin, because it would have otherwise been degraded in the

endosome/lysosome compartments [80]. Thus, NL-Curc-TAT can

be considered as a promising strategy for AD treatment.

Delivery routes of liposomal SHMs in the treatment of NDs
The delivery route is another significant factor determining the

efficiency of brain-targeted drug delivery. Strategies have been

developed to enhance the brain targeting of SHMs. For local

delivery, drugs are injected directly into brain parenchyma or

ventricles via a catheter. Convection-enhanced delivery (CED) is

a local delivery approach that has successfully been used to deliver

liposomes to primate brains [81]. However, this approach requires

accurate imaging guidance, and the short drug diffusive distances

as well as high cost limit its wider application [82,83].
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FIGURE 2

Liposomal surface engineering for drug delivery of curcumin as a representative small hydrophobic molecule (SHM). (a) Stability improvement: polyethylene
glycosylation (PEGylation) improved the liposome stability. Biomolecules, such as xanthan gum and chitosan, are used to coat the outside of liposomes to
increase their stability and mucoadhesiveness during nasal drug delivery. (b) Surface decoration by curcumin: hydrophobic curcumin directly bound to the
liposomal surface via hydrophilic polymers, such as PEG, enhances direct binding to aggregated toxic proteins. (c) Surface potential: modification by cationic or
anionic groups affects the brain penetration of liposomes to different levels. (d) Blood–brain barrier (BBB)-targeted modifications: liposomes can be engineered
to specifically target the brain by attaching ligands, such as N-acetyl glucosamine (NAG), cell-penetrating peptides (CPPs), transferritin, arginine-glycine-aspartic
acid (RGD), and membrane-bound antibodies on their outer surfaces. In particular, polysorbate 80 as a P-glycoprotein (P-gp) inhibitor enhances the BBB
penetration of liposomal-delivered SHMs. Curcumin on the outer surface and within the hydrophobic liposomal lipid bilayer is represented by green stars.
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Intranasal administration has shown advantages over conven-

tional delivery systems. These advantages include: (i) bypassing

the BBB, which is usually impermeable to SHMs; and (ii) avoiding

passage of drugs into liver cells, where maximum metabolism,

degradation, and elimination of major fraction of SHMs occur [84–

86]. For example, intranasal administration of liposome-loaded

curcumin has been shown to be more efficient in improving

cognitive function and attenuating neuroinflammation in AD

rat models compared with aqueous curcumin solutions [87].

Intranasally administered drugs can enter the brain either di-

rectly (via branches of the trigeminal nerve and olfactory bulbs) or

indirectly (via systemic circulation) [88,89]. However, the exact

mechanism and delivery efficiency (%) of intranasal delivery of

such hydrophobic drugs have not been fully determined. Hence,

estimating the amount of SHMs needed to be administered poses a

significant problem. To circumvent this issue, two major param-

eters for nose-to-brain delivery have been established: (i) drug-

targeting efficiency (DTE %); and (ii) direct transport percentage

(DTP %). DTE describes the percentage of drug reaching the brain

following intranasal administration relative to intravenous ad-
ministration. DTP describes the percentage of intranasal drug

delivery relative to other possible pathways of drug reaching the

brain [90]. Other challenges for intranasal delivery of therapeutic

agents include dealing with nasal metabolizing enzymes and

mucociliary clearance. Moreover, the properties of small mole-

cules, such as size, and lipophilicity, also affect their delivery to

CNS following intranasal administration.

Challenges and future directions
Despite considerable applications of SHMs, such as DA and curcu-

min, there remains a bottleneck for the clinical translation of the

liposome-assisted drug delivery of SHMs. Major reasons are attrib-

uted to their pharmaceutical manufacturing, government regula-

tions, and intellectual property (IP) [91,92]. A significant challenge

to their manufacturing is the quality consistency of SHM-encapsu-

lated liposomes. As reported, the stability of liposomes can be

affected by temperature, cholesterol content, and pH [68], and

the surface charges of liposomes can also bring long-term stability

problems, challenging the reliability and reproducibility of the

manufacturing process. In addition, liposome production on an
www.drugdiscoverytoday.com 603
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industrial scale is another challenge. Optimization of the processing

methods is required toreduce the manufacturingstepsand the use of

organic solvents [93]. Furthermore, although the surface coating of

liposomes increases the brain delivery efficiency (e.g., [70]), it ren-

ders the system more complex and could bring challenges for large-

scale good manufacturing (cGMP) production [74].

In addition, given that multiple patents might be associated

with the biomedical applications of liposomal encapsulated SHMs,

the pathway from invention to commercialization should be

simplified to reduce the time and expense on IP issues [79]. Last

but not least, a cost–benefit analysis is inevitable for the clinical

translation of liposomal-based SHM therapies. Thus, communica-

tion and collaboration between experts in all stages, including

manufacturing, laboratory research, and clinical evaluation, are

strongly recommended.
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Thus, liposomes carrying SHMs could provide solutions to

overcome the limitations of SHMs in vivo. So far, results are

encouraging, and our improved understanding of the challenges

for clinical translation will guide the rational design of liposomal

delivery systems with high-quality assurance and cost–benefit

balances [91,92,94,95].
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