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Abstract: Neurological disorders are an important global public health problem, but pharmaceutical treatments 
are limited due to drug access to the central nervous system being restricted by the blood-brain barrier (BBB). 
Poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) are one of the most promising drug and gene delivery sys-
tems for crossing the BBB. While these systems offer great promise, PLGA NPs also have some intrinsic drawbacks 
and require further engineering for clinical and research applications. Multiple strategies have been developed for 
using PLGA NPs to deliver compounds across the BBB. We classify these strategies into three categories according 
to the adaptations made to the PLGA NPs (1) to facilitate travel from the injection site (pre-transcytosis strategies); 
(2) to enhance passage across the brain endothelial cells (BBB transcytosis strategies) and (3) to achieve targeting 
of the impaired nervous system cells (post-transcytosis strategies). PLGA NPs modified according to these three 
strategies are denoted first, second, and third generation NPs, respectively. We believe that fusing these three strat-
egies to engineer multifunctional PLGA NPs is the only way to achieve translational applications. 
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Introduction

Neurological disorders include more than 600 
different diseases, and these disorders account 
for 12% of total deaths globally [1, 2]. The eco-
nomic costs of these conditions are immense. 
Neurological disorders contribute to 6.3% of 
the global burden of disease, and the global 
economic impact of dementia alone was great-
er than 600 billion dollars in 2010 [3]. In addi-
tion, new drug development for these diseases 
is generally slow [4]. In 2012, the United States 
(US) Food and Drug Administration (FDA) app- 
roved 39 new drugs, among which only two 
were approved for neurological disorders. The 
time required to develop a new neurotropic 
preparation is nearly 12-16 years, at a cost of 
0.8-1.7 billion US dollars [5]. These difficulties 
in drug development are largely attributable to 
a shortage of effective delivery systems capa-
ble of bringing active compounds across the 
blood-brain barrier (BBB), an insurmountable 
obstacle to many promising drugs. Nearly 100% 
of large-molecule drugs and greater than 98% 
of small-molecule drugs do not cross the BBB 
[6].

To overcome the BBB, drug delivery using 
nanoparticle (NP) carriers has attracted atten-
tion as a promising strategy, mainly due to the 
tunable characteristics of NPs. NPs can be 
functionalized using specific proteins, peptides, 
and monoclonal antibodies, and their sub-
micron size permits penetration deep into tis-
sues via capillaries, where they can be taken up 
by the target cells [7].

Among the variety of NPs that can potentially be 
used as delivery vehicles for treatments for 
neurological disorders, some of the most prom-
ising are those made of poly(lactic-co-glycolic 
acid) (PLGA). PLGA is a block co-polymer made 
of polylactic acid (PLA) and polyglycolic acid 
(PGA) that has been approved by the FDA and 
European Medicine Agency for human use for 
many years [8, 9]. PLGA has excellent biocom-
patibility, and upon exposure to the human 
physical environment, PLGA is hydrolyzed into 
lactic and glycolic acids, which are naturally-
occurring metabolites [10]. PLGA nanoparticles 
can be easily modified to accommodate a range 
of functional or targeting options [8]. However, 
PLGA NPs without modifications also have a 
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number of intrinsic drawbacks. Their negative 
surface charge makes cellular uptake ineffi-
cient. They have a relatively short blood circula-
tion time and they do not pass through the BBB 
without further modifications [11]. 

In recent years, a variety of approaches have 
been developed to deliver PLGA NPs to the 
brain. In this review, we will first briefly intro-
duce the biology of the BBB and typical 
approaches for the synthesis of PLGA NPs. 
Then, we will discuss three approaches that 
have been developed to engineer PLGA na- 
noparticles for enhanced drug delivery to the 

(1) capillary endothelial cells (BECs); (2) a base-
ment membrane completely covering the capil-
laries, made of type IV collagen, fibronectin, 
and laminin, and containing embedded peri-
cytes; and (3) astrocyte processes surrounding 
the basement membrane on the CNS side of 
the BBB [14]. Each of these layers may contrib-
ute to the restriction of solute movement into 
the brain (Figure 1).

Functions of and routes across the BBB

The BBB controls the movement of electroly- 
tes, xenobiotics, and circulating immune cells 

Figure 1. Simplify to a BECs-BM-Astrocytes sandwich-like triple structure of 
BBB. 1) Brain endothelial cells which connected with TJs and AJs, 2) Base-
ment membranes compose of endothelial BM and astroglial BM with peri-
cytes embedded in them, 3) Astrocyte processes that surround the base-
ment membrane which connected with each other by GJs. 

Figure 2. Routes for permeation and transport across the BBB: 1) Passive 
transcellular diffusion through BBB, while active efflux carriers may pump 
them out of the endothelial cell. 2) Carrier-mediated influx across BBB. 3) 
Receptor-mediated transcytosis (RMT) across BBB. 4) Adsorptive-mediated 
transcytosis (AMT) across the BBB. 5) Tight junction (TJ) modulation across 
BBB.

brain: 1) prolonged pre-trans-
cytosis circulation, 2) increa- 
sed BBB transcytosis, and 3) 
enhanced post-transcytosis 
NP-brain interaction. 

Blood-brain barrier

The BBB is an active interface 
between the vascular system 
and the brain that supports 
tissue homeostasis, but also 
presents a major obstacle for 
drug delivery to the central 
nervous system (CNS) [12]. 
The exchange of substances 
across the BBB between the 
brain tissue and blood is 
restricted by both physical 
(tight junctions) and metabol-
ic (enzymes) barriers [13]. 

Structure of BBB

The BBB is a complex struc-
ture composed of brain endo-
thelial cells (BECs), astrocy- 
tes, pericytes (PCs), and the 
basement membrane (BM). 
BECs are the majority compo-
nents and foundation of the 
BBB. BECs differ from other 
endothelial cells in their ab- 
sence of fenestrations, more 
extensive tight junctions (TJs), 
and the sparse occurrence of 
pinocytic vesicular transport 
in these cells. 

Three functional layers exist 
between the blood and brain: 
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between the blood and CNS in order to main-
tain an optimal milieu for neuronal function 
[15]. As such, the BBB acts not only as a barrier 
to cells and solutes, but also as a carrier for 
selectively transported substances [16]. 

Potential routes for permeation and transport 
across the BBB are listed here: (1) transcellular 
diffusion, in which gaseous molecules and 
small lipophilic compounds passively diffuse 
across BECs with or without the assistance of 
active efflux carriers that may intercept some of 
these substances and pump them out of the 
endothelial cells; (2) carrier-mediated influx, 
which may be passive or secondarily active and 
serves as the transport mechanism for many 
essential polar molecules, such as glucose, 
amino acids, and nucleosides; (3) receptor-
mediated transcytosis (RMT), in which macro-
molecules such as peptides and proteins, are 
actively transported across the cerebral endo-
thelium; (4) adsorptive-mediated transcytosis 
(AMT), which appears to be induced non-specif-
ically by certain positively charged macromole-
cules; and (5) tight junction modulation, in 
which altered connections between BBB cells 
increase the permeability of the paracellular 
aqueous diffusion pathway [17, 18] (Figure 2). 
These mechanisms together account for the 
barrier properties of the BECs and include 
physical, active transport, enzymatic, and im- 
munologic barriers to entry into the CNS. Drugs 
targeting the CNS must be engineered with 
these barrier functions taken into account.

PLGA nanoparticles

Many formulation protocols have been devel-
oped for PLGA NPs. These can be divided into 
two classes: bottom-up and top-down tech-
niques. Each has its advantages and disadvan-
tages, but when selecting a formulation proto-
col, the principal considerations should be the 
desired chemical characteristics of the active 
component; the intended interactions with the 
organic solvents, polymers, and surfactants in 
use; and the planned application for the NPs.

Salting out methods are suitable for the forma-
tion of NPs at higher polymer concentrations, 
but the demands of these purification process-
es are a limitation. Nanoprecipitation methods 
may only be used for low polymer concentra-
tions to maintain a mean NP size of 200 nm. 

Methods that involve solvent evaporation are 
more time-consuming and expensive, but these 
are less sensitive to changes in polymer con-
centrations. Emulsion evaporation, in particu-
lar, can be used for entrapment of hydrophilic 
(with or without emulsion) or hydrophobic (with-
out emulsion) drugs [19].

The aggregation of PLGA NPs during solvent 
evaporation processes is a notable problem, 
regardless of the specific method used. In order 
to prevent PLGA-NP aggregation, polymer stabi-
lizers are often used to coat NP surfaces, 
including polyvinyl alcohol (PVA) [20], polyvinyl-
pyrrolidone (PVP), Tween 80 [21] and human 
serum albumin (HSA). However, these stabiliz-
ers are difficult to remove even with thorough 
washing protocols, and some are toxic to the 
BBB [22]. In an effort to avoid this problem, 
Jiang Chang et al. reported that protein adsorp-
tion (bovine serum albumin [BSA] or Tf) could 
be used to coat NPs without the use of deter-
gent and increased particle stability at 37°C. 
Notably, this process avoided the use of chemi-
cal reactants and organic solvents, which may 
induce partial loss of active protein conforma-
tion [23]. 

Even though PLGA NPs have emerged as poten-
tially promising carriers for CNS therapies, 
unmodified PLGA NPs present a number of 
intrinsic drawbacks: negative charge, hydro-
phobic structure, and non-targeting of the BBB. 
All of these characteristics adversely impact 
blood circulation time and the extent to which 
the NPs will be taken up by the target cells. 
Therefore, surface functionalization and further 
engineering of PLGA NPs are needed. Examples 
of PLGA-NP modifications for enhanced func-
tion include attachment of polyethylene glycol 
(PEG) polymer chains (PEG ylation); polymer-
some creation; core-shell type hybridization; 
cell-PLGA hybridization; surface derivatization;  
bisphosphonate-functionality; lectin-functiona- 
lity; mannan-decoration; sialic acid-functional-
ity; biotin-functionality; folate-functionality; tra- 
nsferrin-functionality; peptide-functionality; an- 
tibody-directed immunonanoparticle creation; 
nucleotide-functionality; magnetic NP creation; 
receptor-specific ligand-PLGA conjugation; and 
many other constructs. Each PLGA-NP formula-
tion system offers distinctive design features 
[11]. 
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strategies for engineering PLGA NPs to cross 
the BBB

Over the last several decades, a variety of 
approaches have been developed to engineer 
PLGA NPs with greater efficiency for crossing 
the BBB and enhanced CNS activity. We classi-
fy these approaches into three major catego-
ries: (1) approaches for enhancing pre-trans-
cytosis circulation; (2) approaches for enhanc-

portant advances in the manipulation of NP 
characteristics to allow for improved drug en- 
trapment efficiency [19].

Researchers are continually attempting to de- 
crease the average NPs size with better control 
[19]. The polymer concentration has the largest 
effect on size. Higher (w/v) concentrations cre-
ated larger particles, from between 0.1 and 
10% (w/v) [25]. A concentration of 0.1% (w/v) 

Table 1. Strategies for engineering PLGA NPs across the BBB
Strategies Purpose Methods Corresponding PLGA NPs 
Pre-transcytosis Stabilization in blood circu-

lation and escape reticulo-
endothelial system

1. Size control
2. Hydrophilic modification: PEGylation, human serum albumin 
(HSA), etc.

The first generation: usually 
coated with surfactant

BBB transcytosis Recognize the BECs and 
across the BBB

1. Cell-penetrating peptides: TAT, SynB, etc.
2. Receptor-mediated transportation: Polysorbate 80, Poloxamer 
188, Transferrin, Leptin Receptor, g7, etc. 
3. Transporters-mediated transportation: Glutathione
4. Adsorption-mediated transportation: Chitosan, Polyethylene 
imine, Poly-L-lysine, etc.

The second generation: 
usually coated with both 
surfactant and specific 
ligands for BECs 

Post-transcytosis Targeting and treating the 
lesion brain cells

1. Targeting ligands strategy: Tf-Rs, MMP-2, Pep-1, AS1411(Ap), etc.
2. Environment-response strategy: pH sensitive component, 
enzyme-mediated activation, etc. 

The third generation: usu-
ally coated with surfactant, 
specific ligands for BECs 
and lesion brain cells

Figure 3. Strategies for engineering PLGA NPs across the BBB. 1) Approach-
es for enhancing pre-transcytosis circulation, 2) Approaches for enhancing 
BBB transcytosis, and 3) Approaches for enhancing post-transcytosis NP-
brain interaction. Corresponding PLGA NPs are named by the first, second 
and third generation NPs.

ing BBB transcytosis; and (3) 
approaches for enhancing po- 
st-transcytosis NP-brain inter-
actions (Table 1, Figure 3).

Pre-transcytosis circulation

Size control

Size control is a crucial point 
for approaches intended to 
enhance pre-transcytosis cir-
culation of NPs for drug deliv-
ery. NP size affects the biodis-
tribution profile. NPs with me- 
an diameters of 60-70 nm will 
be excreted faster, while larg-
er NPs (200 nm or more) may 
be sequestrated by the liver 
or spleen. Therefore, NPs with 
diameters of 70-200 nm are 
optimal for in vivo applicati- 
ons [24]. Size control of PLGA 
NPs during synthesis may be 
achieved by modifying surfac-
tant or polymer concentrati- 
ons, polymer molecular mass, 
solvent type, and/or phase 
ratios. Careful tuning of these 
parameters has enabled im- 
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resulted in 80 nm particles whereas 10% (w/v) 
yielded NPs of about 240 nm. Furthermore, it 
has been reported that higher molecular weight 
PLGA polymers make larger particles [26, 27]. 
Konan et al. tested a variety of molecular 
weights from 12 to 98 kDa at two ratios of 
poly(lactic) to glycolic acid, namely 50:50 and 
75:25. An increase in w/w % resulted in increas-
ing the particle size whereby typically sizes 
obtained by this method are about 100-160 
nm [27]. Also, particle size is affected by stir-
ring speed and time. Stirring speeds were var-
ied between 2000 and 13,500 rpm, and the 
smallest NPs of 155 nm were obtained at the 
highest speed. The stirring time for the small-
est sized NP was determined to be 15 min. No 
further decrease in size could be obtained by 
increasing the stirring time up to 45 min [19, 
28].

Zhou et al. developed a partial centrifugation 
technique to get a smaller and desired diame-
ter of PLGA NPs. They subjected the particle 
solution with low-speed centrifugation (8,000× 
g for 10 min) first to cause larger particles to 
pellet and been removed (Figure 4A). Then NPs 
in the supernatant were collected and washed 
using high-speed centrifugation (100,000× g 
for 30 min). SEM showed that NPs isolated 
using this protocol were 74±18 nm in diameter 
with a yield of 12±2% (Figure 4B). While the 
other group using conventional centrifugation 
techniques were 150±30 nm in diameter with 
an average yield of 55±5% (Figure 4C). And 

also the different of the solution can change 
the size of the particles. They chosen ethyl ace-
tate (EA) as the solvent instead of DCM were 
65±16 nm in diameter with yield improved to 
44±3% (Figure 4D), and the cryoprotection with 
trehalose did not alter NPs size (Figure 4E) 
[29].

Hydrophilic surface modification 

Due to their hydrophobic structure, PLGA NPs 
experience high rates of opsonization by the 
reticuloendothelial system (RES). To reduce 
opsonization and uptake by RES organs, there-
by prolonging NP circulation, several strategies 
have been developed to create a hydrophilic 
cloud around the NPs. Nanoparticles have 
been applied to PLGA NPs to provide such 
hydrophilic coatings, including PEG (polyethyl-
ene glycol) [30], human serum albumin (HSA) 
[31], PEO (polyethylene oxide) [32], poloxamers 
and poloxamines [33, 34], polysorbate 80, 
TPGS and polysaccharides like dextran [35, 
36]. Hydrophilic polymers may be applied to the 
surfaces of NPs by adsorption of surfactants or 
by utilizing block or branched copolymers [35, 
36]. Among them, the PEG and the HSA are the 
most commonly used.

PEGylation: PEG (Polyethylene glycol) is the 
most used polymers for drug delivery applica-
tions and the first PEGylated product is already 
on the market for over 20 years. In 1990, 
PEGylated adenosine deaminase became the 

Figure 4. Size and characterization optimizing of PLGA NPs by using partial centrifugation technique. (A) the pellet 
from the first low-speed centrifugation, (B) the pellet from the high-speed centrifugation of the supernatant from 
the first centrifugation (small nanoparticles), and (C) nanoparticles synthesized using standard procedures. (D) 
Morphology and size distribution of small nanoparticles with EA used as solvent. (E) SEM of small nanoparticles 
cryoprotected with trehalose.
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first approved polymer- protein conjugate in 
USA [37] and thanks to this, plus the possibility 
to solve most of other polymers problems in 
drug delivery, the interest in PEG has grown 
exponentially [38]. PEGylation technology con-
tributes to (a) increasing the aqueous solubility 
and stability, (b) reducing intermolecular aggre-
gation, (c) decreasing immunogenicity, and (d) 
prolonging the systemic circulation time of a 
compound. PEG is often linked to PLGA to 
achieve similar beneficial effects [11].

Surface conjugation of human serum albumin 
(HSA): Human serum albumin (HSA) is known to 
be the most abundant native protein in human 
body which has various advantages including 
ready availability, biodegradability, and low tox-
icity and immunogenicity [39]. HSA has received 
special interest in drug delivery studies due to 
its ability for passive targeting through en- 
hanced permeation and retention (EPR) effect 
in tumor tissues [40]. Saeed Manoochehri et al. 
prepared docetaxel loaded PLGA NPs and sur-
face conjugated with HSA. Result showed that 
this NP had more cytotoxicity against tumor cell 
lines and albumin conjugated PLGA NPs may 
represent a promising drug delivery system  
in cancer therapy [31]. Wohlfart’s lecithin- 
containing PLGA/HSA particles (Dox-Lecithin-
PLGA/HSA) also reveal a considerable anti-
tumour effect and demonstrate that this NP 
enable delivery of doxorubicin across the BBB 
in the therapeutically effective concentrations 
[41]. 

BBB transcytosis

As previously mentioned, there are five routes 
by which cells and molecules may travel across 
the BBB. Within these routes, interactions of 
materials with BECs during transit may include 
eight separate mechanisms: adsorption to 
BECs, inhibition of efflux systems, opening of 
tight junctions, endocytosis and transcytosis by 
the BECs, and others [42, 43]. However, not all 
of these mechanisms are suitable targets for 
PLGA-NP modifications. Cell-penetrating pep-
tides (CPPs), receptor-mediated endocytosis 
ligands, and adsorptive-mediated endocytosis 
ligands are the most prominent candidate bio-
molecules targeting underlying mechanisms for 
the transport of drugs across the BBB into the 
brain [43, 44]. 

Cell-penetrating peptides

CPPs originate from various families and are 
heterogeneous in size and sequence. They all 
possess multiple positive charges at physiolog-
ical pH. CPPs facilitate cellular uptake of vari-
ous molecular attachments and therefore may 
be appropriate candidates for facilitating brain 
delivery of NP-encapsulating peptides [45]. A 
number of CPPs have already demonstrated 
improved therapeutic molecule delivery across 
the BBB for the treatment of CNS diseases 
[46]. These CPPs include trans-activating tran-
scriptional activator (TAT), Angiopep, penetra-
tin, TP, rabies virus glycoprotein (RVG), prion 
peptide, and SynB [47].

The TAT peptide is a nonamphipathic arginine-
rich CPP derived from a human immunodefi-
ciency virus (HIV)-1 protein which widely used 
to enhance cellular uptake. Recently, the TAT 
peptide was modified by adding histidine (H), 
mTAT, significantly improved gene delivery effi-
ciency, by up to 7000 fold [48]. Zhou et al. con-
jugated mTAT to PLGA NPs and tested their 
gene delivery effectiveness when exposed to 
HEK 293T cells. Gene delivery efficiency pea- 
ked with addition of 5 mg avidin/mTAT per 100 
mg PLGA, where the luciferase expression was 
270 fold greater than that obtained using NPs 
without mTAT [49]. 

The SynB peptides are a family of CPPs that 
show charge-mediated BBB selectivity, with 
uptake proceeding via a caveolae independent 
pathway [50]. There have also been recent 
reports of the use of SynB peptides as brain 
transport systems for NPs. For example, intra-
venously injected SynB pegylated gelatin silox-
ane NP (SynB-PEG-GS) levels in the brain were 
significantly higher and levels in the liver signi- 
ficantly lower compared to plain NPs [51]. 
Penetratin, a CPP with a relatively low content 
of basic amino acids, has been used to func-
tionalize poly(ethylene glycol)-block-poly(lactic 
acid) (PEG-PLA) NPs, and penetratin enhanced 
the cellular accumulation [52]. A thermally 
responsive elastin like polypeptide (ELP) cova-
lently attached to a CPPs and a therapeutic 
inhibitory peptide has been shown to be able  
to enhance delivery to rat brain tumors and 
mediate uptake across the tumor cells’ plas- 
ma membranes on intravenous administration 
[53].
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The non-selection of CPPs to all kinds of cells 
greatly restricts their application as pharma-
ceutical tools, and hence methods of targeting 
CPPs are being investigated. The stability of 
peptide vectors is an important factor regard-
ing their use for in vivo delivery, as the vector 
must not be metabolically cleaved until it deliv-
ers its cargo to the appropriate target [45].

Receptor-mediated transportation 

Receptors that are highly expressed on BECs 
include low-density lipoprotein receptor (LDLR), 
transferrin receptor (TfR), insulin receptor, in- 
sulin-like growth factor receptor, diphtheria 
toxin receptor, nicotinic acetylcholine receptor 
(nAChR), and scavenger receptor class B type. 
These receptors can be targeted with suitable 
ligands to mediate drug delivery across the 
BBB [54].

Polysorbate 80 (tween 80) and poloxamer 188: 
Polysorbate 80 was considered to be a ‘gold 
standard’ coating surfactant for brain delivery 
since poly (butyl cyanoacrylate) (PBCA) NPs 
coated with polysorbate 80 (Tween 80) facili-
tate the brain delivery of a number of drugs that 
are unable to cross the BBB in free form[42]. 
Binding of loperamide and doxorubicin to PBCA 
NPs coated with polysorbate 80 induced con-
siderable analgesia effects and high anti-
tumour effect [55]. Poloxamer 188 (Pluronic 
F-68) also considerably enhanced the anti-
tumour action of doxorubicin loaded to PBCA 
NPs against intracranial glioblastoma [56], and 
it appeared to be similarly effective with poly-
sorbate 80. This phenomenon was attributed 
to these two compounds coating NPs selective-
ly adsorb certain plasma proteins especially 
the apolipoproteins E and B on the nanoparti-
cle surface. While the apolipoproteins promote 
receptor-mediated endocytosis of the particles 
by the BECs, and facilitating these drug-loaded 
NPs across the BBB [57]. 

PLGA NPs coated with poloxamer 188 or poly-
sorbate 80 was studied by Svetlana Gelperina 
for an efficient brain delivery. The result showed 
all formulations extended the survival times of 
the tumor-bearing animals when compared to 
control. And the Dox-PLGA/PVA + P188 was mo- 
st effective: a long-term remission (>100 days 
without tumour) was observed in 40% (4/10) of 
the animals treated with this formulation [55]. 
Mayank Chaturvedi et al. formulate TIMP-1-

loaded PLGA NPs and coating with polysorbate 
80 to enhance their BBB penetration. And com-
ing the results of neither Ps80-coated nor 
uncoated NPs caused significant open ing of 
the BBB, and essentially they were nontoxic. 
Penetration studies showed that TIMP-1 NPs + 
Ps80 had 11.21%±1.35% penetration, where-
as TIMP-1 alone and TIMP-1 NPs without Ps80 
coating did not cross the endothelial monolay-
er. In vivo studies indicated BBB penetration of 
intravenously injected TIMP-1 NPs + Ps80 [58]. 

Transferrin (Tf)-coated and lactoferrin coated 
NPs: Another possibility is using the trans- 
ferrin(Tf) since Tf-receptors (Tf-Rs) are overex-
pressed in BECs and glioma cells [59, 60]. 
Transferrin or anti-transferrin receptor mono-
clonal antibodies (OX26) coating to the human 
serum albumin NPs which loading loperamide 
induced very significant antinociceptive effects 
in the tail-flick test in ICR (CD-1) mice, while the 
control group modified with IgG2a antibodies 
yielded only insignificant marginal effects [61]. 

Yanna Cui et al. found a noticeable fluores-
cence signal at the brain tumor site was 
observed after coumarin-6 (CM)-NPs-Tf injec-
tion as compared to CM-NPs injection. In par-
ticular, the fluorescence intensities of the cir-
cled regions in were 0, 5.9×1010 and 1.3×1011 
after injection of blank NPs, CM-NPs and 
CM-NPs-Tf, respectively [62]. 

These finding were supported by Chang et al. 
who evaluated the endocytosis of PLGA NPs 
coated with Tf in vitro model of the BBB made 
of a co-culture of brain endothelial cells and 
astrocytes. PLGA NPs were prepared using a 
fluorescent dye and coated with Tween 20, BSA 
and transferrin (Tf). The result revealed that 
cellular endocytosis of Tf-PLGA NPs was about 
20-fold greater than Blank NPs and 2-fold 
greater than BSA-NPs [23]. 

Lalani J et al. compare brain targeting efficiency 
of tramadol-loaded PLGA NPs surface modified 
with transferrin (Tf) and lactoferrin (Lf). Tf and 
Lf anchored NPs exhibit enhanced uptake with 
2.38 and 3.85 folds higher targeting respec-
tively in the brain when compared with unconju-
gated NPs. The brain targeting observed for Lf 
anchored PLGA NPs (Lf-TMD-PLGA-NP) was 
1.62 folds that of Tf anchored PLGA NPs 
(Tf-TMD-PLGA-NP) [63]. Hence, all the study 
revealed Tf and Lf as promising and effective 
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targeting ligands that could facilitate transport 
of PLGA NPs across BBB and improve drug 
accumulation in the brain.

Leptin receptor: Leptin can bind to the leptin 
receptor in the choroid plexus and BECs, where 
it is taken up into the brain parenchyma. Tosi et 
al. conjugated G21, a leptin12-32 fragment, on 
the surface of PLGA NPs and found this NPs 
across the BBB on intravenous injection, with 
0.16% of the injected dose of nanoparticles 
reaching the brain after 2 h [64].

Others: Peptides such as g7 (NH2-Gly-L-Phe-D-
Thr-Gly-L-Phe-L-Leu-L-Ser(O-β-D-Glucose)-COOH, 
g7) are similar to opioid peptides and can be 
employed to deliver model drugs into the cen-
tral nervous system. G7 bound to PLGA NPs 
also enabled the delivery of loperamide and 
yielded prolonged antinociceptive reactions 
[65]. The reason for this behaviour is not clear; 
since it is known that the parent opioid pep-
tides crosses the BBB by adsorbption-mediat-
ed endocytosis, due to their amphypathic char-
acter and helical conformation. It is possible to 
hypothesize a similar mechanism for the BBB 
crossing of these drug carriers [66].

Pep TGN (TGNYKALHPHNG), a 12-amino-acid-
peptide, was employed a drug delivery system 
targeting to the brain and which was displayed 
by bacteriophage clone 12-2 and finally select-
ed by rounds of in vivo screening. The green 
fluorescence could be observed much stronger 
for Pep TGN- CM-PEG-PLGA NPs than that 
unmodified NP, which suggesting that the Pep 
TGN conjugation NPs resulted in higher cellular 
uptake when incubated with bEnd.3 cells. En- 
hanced brain accumulation efficiency together 
with lower accumulation in liver and spleen was 
observed in the nude mice intravenously inje- 
cted with Pep TGN conjugated NPs compared 
with those injected with plain NPs, showing 
powerful brain selectivity of Pep TGN [67].

These results indicate that different receptors 
in the BECs could be employed for the delivery 
of drugs across the BBB. It is possible that any 
ligand for which a receptor exists on the BECs 
may be used for this purpose. However, there is 
no idea which one ligand is the best and wheth-
er any other ligand exist. Maybe the phage dis-
play and screening skill for new ligands is a 
promising stratagem. On the other hand, since 
most of these receptors are ubiquitously ex- 

pressed, there is the danger of non-specific 
adverse effects resulting in potential limita-
tions of this approach.

Transporters-mediated transportation

In addition to receptors, active transport sys-
tems crossing the BBB can also be used for 
brain-targeted delivery. These include amino 
acid, hexose, and monocarboxylate transport-
ers [68]. In particular, the transporter for gluta-
thione is highly expressed at the BBB. G-Tech- 
nology is a glutathione-conjugated liposome 
delivery system that was developed for the 
transport of molecules across the BBB, and 
several drugs have been successfully delivered 
to the brain using this system. One of these, 
glutathione PEGylated liposomal doxorubicin 
has undergone phase I/II clinical evaluation 
and may become the first targeted nanomedi-
cine approved in the world. This well-defined 
system offers favorable pharmacokinetics and 
safety for the CNS delivery of bioactive ligands 
[54]. 

Glutathione is an endogenous tripeptide thiol 
that helps protect cells from reactive oxygen 
species (ROS). The use of glutathione-coated 
NPs takes advantage of the large number of 
glutathione transporters present at the BBB.  
As an example of this type of system, Werner 
Geldenhuys et al. used doxorubicin-loaded 
PLGA-COOH (DL-lactide-co-glycolide) coated 
with a glutathione-PEG conjugate (PEG-GSH) to 
target drug delivery to the brain and demon-
strated NP permeation in an in vitro BBB model. 
These authors reported that 5% GSH-PEG-
coated NPs achieved the greatest permeability 
across their system, which included BECs and  
a porous support membrane. In this study, 1 
mM GSH-PEG-coated NPs demonstrated sig-
nificantly greater permeation efficiency than a 
free drug solution over 48 hours and at all time 
periods investigated [69]. 

Adsorption-mediated transportation 

Ultrastructural studies show that both the lumi-
nal and abluminal surface of BECs presents an 
overall negative charge, they will repel anionic 
molecules and help positively charged delivery 
systems interact with the BBB through adsorp-
tion-mediated endocytosis [70]. Cationic sur-
factant coating is believed to render positive 
charge to nanoparticles, therefore improving 
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their interaction with cells and tissues. Another 
reason for cationic coating with surfactants 
would be significant reduction in size, leading to 
‘stealth’ properties and prolonged circulation 
time [71]. However, poor selectivity is the pre-
dominant problem of adsorptive-mediated tar- 
geting.

Chitosan: Chitosan is a natural cationic po- 
lymer which has been endowed with positi- 
ve charges from the protonated amines. 
Jaruszewski KM et al. have demonstrated that 
the surface adsorption of chitosan improves 
the stability of PLGA NPs during lyophilization; 
lowers their propensity to aggregate in aque-
ous solutions; protects the antibodies conju-
gated to the nanoparticle surface; and enhanc-
es their cellular uptake. Moreover, due to struc-
tural similarity with sugars that are widely used 
as cryoprotectants, chitosan also serves as a 
cryoprotectant capable of preserving the integ-
rity of PLGA NPs as well as the proteins conju-
gated to the nanovehicle surface during lyophi-
lization [72].

Polyethylene imine: Polyethylene imine (PEI), a 
commercially available cationic polyamine, is 
one of the most successful and widely studied 
cationic polymers. It is widely regarded as a 
gold standard for the comparison of transfec-
tion efficiencies among non-viral vectors[71]. 
Jayeeta et al. introduce PEI to STAT3 siRNA 
PLGA NPs and find that PEI dramatically 
changed the surface charge from negative to 
positive charge. It facilitated adherence of the 
NPs to the negatively charged cellular mem-
branes [73]. Jayeeta have also noticed that 
release of siRNA from PEI-PLGA complex was 
faster, possibly due to compatible size of the 
NPs and possibly for higher electrostatic inter-
action between PEI pre-complex and PLGA [74]. 

However, PEI is associated with toxicity issues 
which limits its application. Conjugation of hyd- 
rophilic polymer poly(ethylene glycol) (PEG) was 
proposed as a solution to this problem, while it 
also shield the positive charge of the NPs and 
prolonging circulation time [71].

Poly-L-lysine: Poly-L-lysine (PLL) is obtained th- 
rough polymerization of N-carboxy-anhydride of 
lysine. Jeremy et al. use DCC as the coupling 
agent to conjugate PLL to PLGA, and they find 
that the incorporation of PLGA-PLL reduced the 
overall negative surface charge in particles. 

The surface charge became positive for blank 
particles in which half or more PLGA-PLL/PLGA 
was incorporated. The utility of these particles 
as a vehicle for transfection was evaluated 
using COS cells. Transfection efficacy for all 
particles was determined by quantifying the 
expression of luciferase encoded on the plas-
mid. Levels of luciferase expression were sta-
tistically greater than blank particles at higher 
weight percentages of PLGA-PLL/PLGA (≥10%) 
particles [75].

Polymethacrylates: Polymethacrylates are cat-
ionic polymers with vinyl-base and they also 
possess the ability to form polyplexes on con-
densation of polynucleotide in the nanometer 
range. Commercially available polymethacry-
late Eudragit E100 was combined with FDA-
approved polymers PLGA/PLA to give nanopar-
ticles of a cationic nature using cationic surfac-
tant cetyltrimethylammonium bromide (CTAB) 
with significantly high transfection efficiency 
[76, 77].

Poly(b-amino ester): Poly(b-amino ester) (PBAE) 
is a new class of cationic polymers of biode-
gradable and non-toxic nature. PBAE polyplex-
es showed transfection efficiencies similar to 
PEI and low cytotoxicity in vitro. PBAE in combi-
nation with PLGA was used for DNA vaccination 
and PBAE/PLGA NPs succeeded in significant 
reduction of tumor size in mice. PBAE/PLGA 
particles were also able to delay the release of 
plasmid DNA for several days [78, 79].

Other cationic material including DODAB, cet-
rimide, protamine and DC-chol (3b-[N-(dimety- 
hylaminoethane carbamoyl)] cholesterol), coat-
ing PLGA NPs have been evaluated for delivery 
of plasmids in pulmonary epithelial. A pro-
longed and high level of gene expression was 
observed for positively charged coated PLGA 
NPs. These NPs were also found to be less toxic 
than PEI NPs while highest cellular uptake was 
observed with DC-chol coating [80]. PLGA NPs 
coated with cationic surfactant DMAB were 
studied for oral delivery of paclitaxel which 
showed an equivalent anticancer efficacy to 
intravenously administration, while it obtained 
with 50% lower dose of paclitaxel encapsulated 
in this NPs [81].

Post-transcytosis NP-brain interaction

Once PLGA NPs cross the BBB into the CNS, 
targeted delivery systems are needed so that 
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NPs reach and enter the sites of disease. In this 
review, we will focus on adaptations targeting 
brain tumors, but the principles of this discus-
sion may be generalized to other clinical tar- 
gets.

Targeting ligands strategy

Brain tumor cells overexpress several recep-
tors, including epidermal growth factor recep-
tor, matrix metalloproteinase-2 (MMP-2), integ-
rins, interleukin 13 receptor, nucleolin, TfRs, 
and low-density lipoprotein receptor [82-84]. 
Previous studies of brain tumor-targeted drug 
delivery studies have generally focused on 
these receptors.

TfRs and low-density lipoprotein receptor-relat-
ed protein (LRP) are highly expressed on both 
glioma cells and BECs, making it possible for 
only one ligand to both facilitate passage 
across the BBB and also to target tumor cells. 
Coating PLGA NPs with transferrin (Tf) has also 
been found to greatly prolong blood half-life 
when coated NPs are intravenously injected in 
rat and mouse models. In a study using F98 
cells, the uptake of Tf-NP by F98 cells increased 
both in vitro and in vivo, with excellent penetra-
tion of Tf-NPs into brain tumors. These data 
support Tf-NPs as a promising nanomedicine 
construct for the delivery of antineoplastic 
drugs to glioma cells at early and late tumor 
stages [85].

Matrix metalloproteinase-2 (MMP-2), an essen-
tial proteinase regulating brain tumor invasion 
and angiogenesis, was used in PLGA NPs deliv-
ery system as one of the therapeutic target. A 
RNAi gene which specifically suppress MMP-2 
was designed and co-capsulated with paclitax-
el into PLGA NPs to achieve a sustained release 
of both agents. The vivo in BALB/c nude mice 
showed the dual delivery system was able to 
impose significant tumor regression compared 
with single delivery system [86].

Pep-1, one specific ligand of interleukin 13 
receptor α2 (IL-13Rα2) which over-expressed 
on glioma cells and primary glioblastoma cells, 
was identified to exhibit excellent capacity of 
crossing the blood tumor barrier (BTB) and 
homing to giloma. Pep-1 was functionalized to 
the surface of PEG-PLGA NPs and it exhibited a 
significantly enhanced cellular association in 
rat C6 glioma cells and improved penetration in 

3D avascular C6 glioma spheroids compared 
with non-targeting NPs. In vivo, Pep-NP could 
facilitate the distribution of the coumarin-6 
about 2.21 times higher than non-targeting 
NPs in glioma region [87]. 

Recently, several technologies were developed 
to screen for peptides or aptamers that pos-
sess high binding efficiency and high specifici-
ty. Phage display and SELEX screens are exam-
ples. AS1411 (Ap), a DNA aptamer specifically 
binding to nucleolin which was highly expressed 
in the plasma membrane of both cancer cells 
and endothelial cells in angiogenic blood ves-
sels, was discovered by SELEX [88]. AS1411 
modified PLGA NPs (AsNPs) as the targeting 
ligand displayed approximately 2-fold higher 
uptake by and localization in brain tumor cells 
compared with unmodified NPs. In vivo, pacli-
taxel-loaded AsNP effectively slowed tumor 
growth and prolonged the median survival time 
of brain tumor-bearing mice, which was signifi-
cantly better than the values obtained using 
unmodified NPs [89]. 

Environment-response strategy

A large variety of NPs responding to physical 
stimuli (temperature, electrical, electrochemi-
cal, light, magnetic, and ultrasonic), chemical 
stimuli (pH, ionic, and redox), or biological stim-
uli (enzymes, glucose, and inflammation) have 
been synthesized and developed as effective 
delivery systems. Stimulus-responsive NPs are 
termed as ‘smart’, ‘intelligent’, or ‘environmen-
tally sensitive’, and have greater potential than 
traditional delivery systems [90, 91].

Among the different types of stimuli, the major 
releasing mechanisms are pH-sensitive release 
in brain cancer therapy. The tumor microenvi-
ronment is slightly acidic with a pH of about 
6.5-7.2 while the endosomes and lysosomes in 
cells have a pH around 4.5-5.5 [92]. To over-
come lysosomal degradation and achieve NPs 
and/or loaded proteins release into cytosol, 
Resham Chhabra et al. propose the formulation 
of hybrid NPs by adding 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE) as pH sensi-
tive component in the formulation of PLGA NPs. 
Their experiments show that NPs are able to 
transiently destabilize the integrity of lyso-
somes in which they are taken up, speeding 
their escape and favoring cytoplasmatic local-
ization [93]. Another example is a multifunc-
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Figure 5. Characterization of eight separate functions PLGA NPs. (A-C): schematics, morphol-
ogy e as captured by SEM, and size distribution of multifunctional nanoparticles conjugated 
with a single peptide X (A), two peptides X and Y (B) and three peptides X, Y, and Z (C). (D) 
Controlled release of siRNA from nanoparticles loaded with siRNA against PLK1. (E) Controlled 
release of QC and ENX from nanoparticles loaded with siRNA against PLK1. (F) Components 
of a functional nanoparticle loaded with siRNA against PLK1 and their individual functions.
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tional NPs system that consists of TAT-PEG-
PLGA and a pH-sensitive diblock copolymer, 
poly(L-cystine bisamide-g-sulfadiazine)-b-PEG 
(PCBS-b-PEG). At an acidic tumor site, the NPs 
are subject to a change in the charge of sulfon-
amide, which in turn destroys the physical 
association between sulfonamide and TAT. This 
deshielding leads to TAT-mediated transloca-
tion of the TAT-PEG-PLGA micelles into tumor 
cells. On the other hand, the detached PCBS-b-
PEG is degraded by glutathione [11].

Enzyme-mediated activation is also an attrac-
tive mechanism for therapeutic activation  
of NPs. Gu et al. developed a activatable cell 
penetrating peptides (ACPP) strategy by link- 
ed LMWP with an MMP-2/9-cleavable peptide 
(PLGLAG), which formed a activatable LWMP 
(ALMWP). This ALWMP was conjugated to NPs, 
allowing for delivery of paclitaxel. In mice bear-
ing intracranial C6 glioma tumors, ALWMP NPs 
carrying paclitaxel led to significantly longer 
survival times when compared to Taxol (p < 
0.01) as well as LMWP-modified NPs (p < 0.05)
[94].

Conclusions and future directions 

In most cases, a single strategy does not 
achieve both goals of crossing the BBB and tar-
geting treatment for CNS disease. In order to 
provide successful therapies for the full range 
of neurological disorders, fusion methods using 
different strategies are needed. Such targeted 
therapies require the formulation and construc-
tion of multifunctional engineered PLGA NPs. 

Examples of this next generation of PLGA NPs 
are those described by Hanjie Wang et al. This 
group has constructed multifunctional, mag-
netic PLGA/MPLs which are mainly self-assem-
bled from two parts: (1) hydrophobic PLGA 
cores for loading drugs and magnetic nanocrys-
tals and (2) polymeric lipid shells anchored with 
functional molecules, such as PEG chains, TAT 
peptides, and RGD peptides that can provide 
additional functionality, including helping the 
vectors condense genes, prolonging circulation 
time, enhancing BBB penetration, and target-
ing delivery to neoplastic tissue [95]. A second 
example of multifunctional PLGA NPs is the 
work of Zhou et al., further improving multifunc-
tional PLGA NPs by synthesizing particles with 
three levels of complexity (Figure 5A-C). Zhou 
et al. report the formulation of PLGA NPs with 

surface modification by two peptides (X and Y) 
for the purposes of cell penetration or endo-
somal escape and by Z peptides for the func-
tion of tumor uptake. These modifications pro-
vided access across the BBB and tissue target-
ing for encapsulated nucleic acids (siRNA) and 
drugs (quinacrine and enoxacin) that were then 
slowly released at their target sites (Figure 5D, 
5E). Potential modifications to these NPs 
included polymer matrix selection for stabiliza-
tion or controlled release, the introduction of 
gene knockdown capabilities, enhanced cell 
penetration or endosomal escape properties, 
tumor targeting options, and other choices [49] 
(Figure 5F). 

For pre-transcytosis strategies to increase BBB 
permeation, NPs are usually coated with sur-
factants to prolong their time in circulation, and 
these approaches are designated as first gen-
eration modifications. The addition of specific 
ligands to NPs that are intended to enhance 
transcytosis passage across the BBB are char-
acteristic of second generation approaches. 
The ultimate NPs for translational applications 
are engineered multifunctional PLGA NPs that 
combine first and second generation capabili-
ties and post-transcytosis activity against CNS 
diseases. We designate these CNS-targeted 
therapies capable of crossing the BBB as third 
generation. The evolution of third generation 
engineered PLGA NPs offers great promise for 
the delivery of bioactive substances to the CNS 
to treat neurological disorders (Figure 3).
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