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Abstract
One of the greatest challenges with successful pharmaceutical treatments of central nervous system (CNS) diseases is the 
delivery of drugs into their target sites with appropriate concentrations. For example, the physically tight blood–brain barrier 
(BBB) effectively blocks compounds from penetrating into the brain, also by the action of metabolizing enzymes and efflux 
transport mechanisms. However, many endogenous compounds, including both smaller compounds and macromolecules, 
like amino acids, sugars, vitamins, nucleosides, hormones, steroids, and electrolytes, have their peculiar internalization routes 
across the BBB. These delivery mechanisms, namely carrier-mediated transport and receptor-mediated transcytosis have 
been utilized to some extent in brain-targeted drug development. The incomplete knowledge of the BBB and the smaller 
than a desirable number of chemical tools have hindered the development of successful brain-targeted pharmaceutics. This 
review discusses the recent advancements achieved in the field from the point of medicinal chemistry view and discusses 
how brain drug delivery can be improved in the future.
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Introduction

According to data from the World Health Organization 
(WHO), brain diseases account for almost 35% of all 
human diseases. The mechanisms of cellular exchange 
between the brain, blood, and cerebrospinal fluid protect 
the brain from harmful substances. However, they also 
represent a significant obstacle to the delivery of drugs 
and the treatment of many brain diseases [1]. Some thera-
peutics including antibiotics, antineoplastic drugs, or neu-
ropeptides have been rendered ineffective in the central 
nervous system (CNS) diseases because of their inability 
to effectively cross the blood–brain barrier (BBB) and get 
delivered to the brain tissue [2]. To meet the challenges 
related to the functioning of the BBB and the delivery of 
drugs to the CNS, scientists are focusing their work on 
a comprehensive understanding of the barrier’s mecha-
nisms of action. A series of studies were carried out to 
compare the functioning of normal and disturbed BBB, 
and the major factors affecting this mechanism have been 
identified. Another important and rapidly growing area 
of research is the development of various approaches or 
methods of targeted drug delivery to the brain to treat CNS 
diseases such as Alzheimer’s disease (AD), multiple scle-
rosis (MS), neuro-AIDS (acquired immunodeficiency syn-
drome), neuroinflammation, or cancer [3].

This review discusses the recent developments in the 
systemic delivery of therapeutics to the CNS. Targeted 
drug delivery may be achieved using chemical, biologi-
cal, and physiological approaches that provide effective 
concentrations of the drug at the pathophysiologically rel-
evant sites. Representative examples of the brain-enhanced 
delivery of small drug molecules, neurotransmitters, pep-
tides, and genetic material are presented in detail.

General Background on the BBB and BCSF

Two main barriers determine the selectivity of transport 
within the brain (Fig. 1). Besides the well-known BBB, 
which consists mainly of the endothelium of the cerebral 
capillaries, there is also the blood-cerebrospinal-fluid bar-
rier (BCSFB) composed of the epithelium of the choroid 
plexuses. Both barriers are similar in structure and there-
fore in some literature, the term BBB is used to refer to the 
final exchange by both cell barriers.

Another barrier in the CNS, apart from well-known 
BBB and BCSFB, is the blood-arachnoid barrier (BAB), 
which forms an essential interface between blood and cer-
ebrospinal fluid (CSF) in the subarachnoid space (Fig. 1). 
The BAB is a multi-layered epithelium with tight junctions 
between cells of the outer continuous 1–3 cellular layers 

and makes up an effective seal covering the inner dural 
surface [4]. The pia and the inner layer of the arachnoid 
comprise one cell type — the leptomeningeal cell, which 
covers the outer layer of nervous tissue of the brain, the 
glia limitans [5].

The BBB instead is made up of a monolayer of polar-
ized endothelial cells (EC), expressing glycosamino-
glycans integrated with proteins and lipids of the cell 
membrane, and membrane receptors and enzymes. The 
capillary wall of endothelium has inwardly directed trans-
porters that deliver mainly glucose, amino acids, and free 
fatty acids (FFA) to neighboring neurons [5].

The intercellular areas of the capillary endothelium are 
covered with a dense network of high-resistance connec-
tions, among which complex tight junctions (TJ) are the 
most important (Fig. 2) [6, 7]. In the basal part, there are 
also adherence junctions (AJ). In addition, other compo-
nents of the barrier connections in the brain are the cell 
adhesion proteins, known as Junction Adhesion Molecules 
(JAM-A, -B, -C, and -D). In the brain, the most common 
adhesion particle for leucocytes is type A, which, through 
its terminal end embedded in the cytoplasm, binds to the 
guanylate kinase residue of the occludin domain [8, 9]. 
Apart from membrane proteins, the composition of the 
barrier connections also includes cytosolic proteins such 
as ZO-1 [10].

Due to such a precise organization of connections 
between ECs, the endothelium forms a continuous layer, 
which on its surface is additionally covered by pericytes 
capable of phagocytosis, fused with the basal membrane. 
This membrane is an extracellular matrix, which includes 
type IV and V collagen, fibronectin, and laminin [11, 12]. 
The functionality of ECs in BBB is also controlled by astro-
cytes [13]. Astrocytes take part in maintaining homeostasis 
through water transport, free radical scavenging, nutrient 
uptake/excretion, and ion buffering [14]. Pericytes also form 
BBB and cover 20–30% of the capillary surface. These cells 
are involved in regulating cerebral blood flow, maintenance 
of the BBB, and control of vascular development and angio-
genesis [15]. The complex nature of the BBB permeability 
is also influenced by the presence of high levels of efflux  
transport proteins including P-glycoproteins (P-gp) and  
Multidrug-Resistant Protein-1 (MRP-1), and the expression of  
metabolic enzymes [6, 16].

The integrity of the structure of the brain barrier allows 
it to perform many functions, the most important of which 
is the precise exchange of chemical compounds between 
the CNS and the circulatory system [17, 18]. In addition, 
it protects against the effects of neuroactive substances and 
toxins circulating in the blood and allows to supply neurons 
with functionally important substances, such as glucose or 
amino acids [10]. Importantly, tissue integrity, repair, and 
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homeostasis are also supported by the function of microglial 
cells, which are components of the CNS [19].

The blood-cerebrospinal fluid barrier (BCSFB) is func-
tionally confined to the choroid plexus (CP) within the four 
brain ventricles, which plays a crucial role in the produc-
tion of CSF. The choroid plexus consists of blood vessels, 
plexus parenchyma, and cubic epithelial cells. Capillaries, 
a component of the choroid plexus, differ in structure from 
other blood vessels of the CNS. Their endothelium has a 
window structure, which determines the movement of pro-
teins and other components from the blood to the paren-
chyma [20, 21]. The outermost layer comprises polarized 
CP epithelial cells that are connected to the basement mem-
brane and stromal layer on their basolateral side, allowing 
the cells to interact with systemic blood circulation. On the 
other hand, the apical-CSF-facing side produces CSF and 
exchanges materials with the ventricles [22]. Importantly, 
the BCSFB barrier secretes vitamin micronutrients and 
brain-modulating proteins: transthyretin and cystatin C pro-
tease inhibitor [23]. Although the BCSFB can be assigned 

certain anatomical structures, and the location, it is gener-
ally assessed in terms of functionality, not morphology. In 
functional terms, BCSFB includes a non-linear interaction 
between the diffusion of blood proteins into the CSF and 
its flow rate, which affects the final concentration of total 
protein in CSF. The exact functioning of BCSFB is there-
fore mainly determined by the CSF flow rate [23]. However, 
BBB is still the primary focus of scientists (54,200 records 
in PubMed in 2021 vs. 5,900 for BCSFB).

Brain Uptake Mechanisms—Transport 
Routes

The composition of the environment surrounding CNS neu-
rons is subjected to precise regulation. Curiously, even the 
passage of plasma substances such as gases  (O2,  CO2, glu-
cose, and amino acids), lipid-soluble compounds (ethanol, 
steroid hormones, thyroid hormones, and lipophilic drugs), 
or peptides weighing 400–800 Da to the CNS are selectively 

Fig. 1  Barriers of the brain substance delivery, a) the blood–brain barrier (BBB), b) blood-cerebrospinal-fluid barrier (BCSFB), and c) blood-
arachnoid barrier (BAB)
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controlled by BBB activity (Fig. 3). Unfortunately, it has 
been generally accepted that the rate at which substances 
penetrate the brain tissue is inversely proportional to the 
size of the molecules and directly proportional to their lipid 

solubility [24]. Other important mechanisms by which mol-
ecules cross the BBB include saturable transport such as 
carrier-mediated or receptor-mediated transport, adsorptive 
endocytosis, and BBB disruption. Notably, the presence of 

Fig. 2  Enlargement of the connections between the BBB endothelial cells

Fig. 3  Different pathways for substances to penetrate across the BBB endothelial cells
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TJs between the adjacent ECs limits the diffusion of small 
molecules. Only water-soluble small molecules can diffuse 
through TJs in theory, but they do not diffuse in reality to 
any great extent [25, 26].

The solute carriers (SLC) constitute a superfamily of 
membrane transport proteins that facilitate the uptake of 
various compounds across the BBB. SLC transporters are 
classified as facilitated transporters or secondary active 
transporters because contrary to ATP-binding cassette 
(ABC) transporters, they do not need ATP for transport 
activity (Fig. 3, left side). The SLC carries solutes through 
electrochemical  (Na+ or  H+ gradient) or concentration gra-
dients [27–29]. The spectrum of substrates for SLC trans-
porters is very extensive and includes nutrients such as 
glucose, amino acids, nucleosides, monocarboxylates, and 
organic anions and cations. Importantly, some drugs (e.g., 
L-DOPA) are also transported across BBB by these trans-
porters [30]. A large variety of transporters are present at 
the BBB, including a large neutral amino acid transporter 
type 1 (LAT1; SLC7 family), glucose transporter type 1 
(GLUT1; SLC2 family), monocarboxylate lactate trans-
porter type 1 (MCT1; SLC16 family), cationic amino acid 
transporter type 1 (CAT1; SLC7 family), choline transporter 
(ChT), concentrative nucleoside transporter type 2 (CNT2; 
SLC28 family), and sodium-coupled glucose transporters 
(SGLTs) [31]. The transporters are characterized towards 
their substrates by affinity, selectivity, stereoselectivity, and 
saturability [14]. The process of transport through BBB can 
be described kinetically. The researchers use the BBB per-
meability surface (PS) area, or the Vmax/Km ratio, where Vmax 
is maximal transport capacity, and  Km is a substrate affinity 
for a transporter [14].

Ions pass through the barrier only by active transport. In 
the basal membranes of ECs, there is a sodium -potassium 
pump (ATPase  Na+/K+) introducing sodium cations into 
the extracellular fluid of the brain and removing potassium 
from it [32]. An important role is also played by the  Na+/H+ 
and  Cl−/HCO3

− counter-transporters located in the luminal 
membrane [32]. Because of the interaction of these systems, 
 Na+ and  Cl− ions travel to the extracellular fluid, and  K+, 
 H+, and  HCO3

− ions in the opposite direction.
Larger molecules such as proteins, peptides, or lipopro-

teins are transported through the BBB by specific receptor 
and transcytosis mechanisms (Fig. 3, middle). Transferrin, 
lactoferrin, insulin, leptin, and lipoproteins are transported 
using receptor-mediated transcytosis (RMT). As reported 
before, this process is highly specific and requires endocy-
tosis vesicles formation [33]. One of the best-recognized 
internalization pathways is clathrin-mediated endocytosis 
(CME), which takes part in transferrin, lipoproteins, and 
insulin transcytosis across the BBB [34]. In the first step of 
transcytosis, a ligand interacts with the receptor, and then 
clathrin-coated endocytic vesicles are produced. During this 

process, the membrane transforms into a vesicle of sizes 
between 70 and 150 nm. Another way of RTM is the cave-
olae pathway, which is used by low-density lipoproteins to 
cross BBB. As reported by Candela et al. [35], caveolae are 
50–100 nm flask-shape vesicles built by caveolin-1 at the 
ECs. The main receptor systems taking part in the RMT 
through the BBB include transferrin receptor (TfR), insulin 
receptor (IR), and low-density lipoprotein receptor (LDLR).

The transferrin receptor is a unique receptor and is only 
expressed on the luminal side of ECs of the brain capillar-
ies and not on other ECs in different tissues. TfR handles 
the transport of iron into the brain parenchyma to maintain 
iron homeostasis and thus is of great importance for proper 
brain function [36]. Over the past decade, TfR has become 
of interest to scientists, mainly in its use as a target to deliver 
drugs to the brain, which will be discussed in the follow-
ing section [37]. IR, responsible for the transport of insulin 
into brain tissue, has also been a target of many in vitro and 
in vivo studies whose objective is to deliver drugs to the 
brain [37]. However, the results of the in vivo studies car-
ried out by Rhea et al. [38] show that the signaling-related 
IR may not be solely responsible for the transport of insulin 
across the BBB. Apart from IR, the mannose 6-phosphate 
(M6P) receptor, also known as the insulin-like growth factor 
II (IGF-II) receptor, has also been examined as a receptor 
for transcytosis across the BBB [39]. LDLR, expressed in 
the apical membrane of ECs, recognizes LDLs and supports 
their endocytosis. Because of their localization, LDLR takes 
part in the uptake of lipoproteins and LDLR-related proteins 
1 and 2 (LRP1, LRP2) from the circulation through RMT 
[37, 40]. An analysis of the current literature shows that 
lipoproteins have also been used to target LDLR for effec-
tive brain delivery [41]. A few other receptors have also 
been identified, such as neonatal Fc receptor (FcRn), leptin 
receptor (LepR) [40, 42], diphtheria toxin receptor, or type 
1 scavenger receptor (SR-V1) [43].

Alternative transport for large molecules across the BBB 
is the adsorptive-mediated pathway (AMT), which does 
not require any interaction with the receptor (Fig. 3, right 
side). AMT, also known as pinocytosis, is mediated by the 
negatively charged surface layer of the cell membrane (gly-
cocalyx), which enables the unspecific binding of cationic 
molecules that are then endocytosed to be trafficked across 
the ECs [33, 44]. This way of transport is used by polyca-
tionic peptides, which interact with the negatively charged 
head groups of a membrane. Similar to RMT, a vesicle is 
then formed around it, and the peptide is delivered to the 
other side of the BBB [45]. The examples of compounds 
that use AMT in the BBB are as follows, avidin, histone, 
and protamine [46]. Cell-mediated transcytosis is a more 
recently recognized route of transport across the BBB, which 
utilizes immune cells such as monocytes or macrophages 
to cross the intact BBB. According to Chen and Liu [25], 
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cell-mediated transcytosis is a unique transport route, which 
can be used virtually for the delivery of any type of mol-
ecules or materials.

BBB is also a structure, in which efflux transporters 
are present. Their main role is to eliminate the xenobiotic 
molecules. The current research shows that the inhibition 
of the activity of these transporters may be a promising 
manner, allowing for maintaining relevant drug concentra-
tions in the brain. The basic function of efflux transporters, 
localized on the luminal and abluminal sides of ECs, is to 
remove metabolites and catabolites produced in the brain. 
The best-characterized efflux pumps in BBB are transmem-
brane P-glycoprotein (P-gp) and MRP1–5, which belong to 
energy-dependent ATP-binding cassette (ABC) transporters. 
Importantly, modulation of function of efflux transporters, 
such as P-gp and MRP1-5 can lead to increased drug con-
centrations in the brain. However, this process can also result 
in significant CNS toxicity [14, 47].

Methods to Assess BBB Penetration

Determination of the drug’s ability to cross the BBB is one 
of the most important aspects in the discovery of novel CNS 
therapeutics. The screening strategies for brain penetration 
can be divided into in vitro and in vivo methods. In vitro 
methods, including the parallel artificial membrane permea-
bility assay (PAMPA), cell-based monolayer transport assay 
is accurate and suitable for screening a large number of drug 
candidates [48]. In turn, commonly used in vivo methods 
include the determination of drug concentration in brain and 
plasma (Cbrain/Cplasma), microdialysis, and brain exposure 
assessment (BEA), method for evaluation compound CNS 
distribution using Kp,uu (unbound brain-to-plasma partition 
ratio) as the index [48].

The assessment of drug concentration in the brain and 
plasma (Cbrain/Cplasma) is one of the most frequently used 
methods to determine brain distribution. In this strat-
egy, blood and brain samples are collected at certain time 
points after drug administration, and the concentrations 
are calculated using LC–MS/MS technique [49]. The ratio 
Cbrain/Cplasma below 0.1 is regarded as a profound limitation 
to crossing the BBB [50]. The free drug hypothesis led to 
the increased interest in the unbound drug concentration (Cu) 
as the active species that exerts pharmacological effects in 
the brain. Another term related to this theory is the fraction 
unbound (fu), which defines the free drug available in tissues 
[51]. Other terms have also been introduced into use. They 
are as follow, the unbound drug concentration in the plasma 
 [Cu,p = total drug concentration in the plasma (Cp) × fu,p] 
and in the brain [Cu,b = total drug concentration in the brain 
 (Cb) ×  fu,b] as well as the corresponding unbound brain-to-
plasma partition ratio (Kp,uu = AUC u,b/AUC u,p). The value of 

the last parameter, Kp,uu, is currently regarded as an indicator 
of brain permeability in vivo [48, 52]. Importantly, Cu,b and 
Cu,p can be affected by efflux transporter status and pas-
sive permeability of a drug [49]. Cu,b is comparable to  Cu,p 
for highly permeable drugs which are non-efflux substrates 
because distribution equilibrium can be reached quickly 
among the blood, the brain, and the CSF compartment. On 
the other hand,  Cu,b is much lower than  Cu,p for therapeutics 
being efflux substrates or exhibiting poor permeability [49]. 
For example,  Cu,p was > 20-fold higher than  Cu,b for lopera-
mide, amprenavir, benzylpenicillin, cimetidine, and sulpiride 
after intravenous infusion to rats [53]. These results were 
further confirmed in studies using the Mdr1a(-/-) rat model 
in which the scientists reported increased brain exposure 
to the drugs [53]. When assessing the ability to permeate 
to brain consideration must be given to species differences 
in transporter expression and functional activities. Further-
more, pathophysiological conditions such as aging, AD, 
PD, or multiple sclerosis have been described to affect BBB 
integrity, permeability, and transporter activity [50]. The 
need to assess drug concentrations in brain and plasma, and 
its free fractions is highly vital in the case of brain tumors 
treatment [52]. For instance, it was found that in human epi-
dermal growth factor receptor 2–positive breast cancer brain 
metastases, lapatinib concentration varied from 21 to 700% 
of serum concentrations [54]. Without achieving adequate 
free drug concentration in the brain, it is impossible to con-
duct effective anti-neoplastic treatment [52].

Chemical Approach—Drug Manipulation

In general, there are many ways to increase drug delivery 
into the CNS. The most often applied approach is based on 
the chemical modification of the pharmacologically active 
compounds to improve their physicochemical character-
istics (Fig. 4) [55]. Because most drugs in the circulatory 
system are bound to proteins (e.g. albumin or alpha-acid 
glycoprotein), only the unbound drug in the aqueous phase 
is available to cross the BBB. The free drug molecule then 
crosses the lipophilic membrane of the ECs of the BBB. A 
few physicochemical properties of compounds are involved 
in this process: drug lipophilicity, its ionization, molecu-
lar size, hydrogen bonding, polar surface area, and affinity 
towards plasma proteins [55].

Physicochemical Characteristics

The relative affinity between water and lipid, expressed by 
its octanol/water partition coefficient (logP), is the most fre-
quently described parameter determining the ease by which 
the molecule can cross the lipid membranes of the ECs. The 
suggested range for logP parameter is between 2 and 4 [48]; 

1 3

Current Chemical, Biological, and Physiological Views in the Development of Successful… 947



however, some authors indicate the ideal logP range for BBB 
permeability to be 1.5–2 [14]. It also should be highlighted 
that this parameter depends on the molecular weight of the 
drug, its basicity, and  pKb.

The ionization of the drug molecule at physiological pH 
is an adverse factor in terms of ECs permeation because 
the ionized compounds are surrounded by water molecules, 
which disfavors membrane interaction. The net movement 
of a compound with anionic charge, similar to EC mem-
brane, is thermodynamically unfavorable, due to mutual 
repulsion of negative electrostatic charge [14]. The effects 
of lipophilicity on the ability to cross the BBB were the 
subject of many reviews in the past [14, 56]. Therefore, in 
this work, we focussed on other factors that improve drug 
penetration through the BBB. Molecular size is of impor-
tance for the diffusion rates of drug molecules. There is a 

linear relationship between permeability and P/
√

Mw (P: 
partition coefficient octanol/water, square root of molecular 
weight). This relationship is restricted to molecules with 
Mw < 1000 Da [57]. The effect of plasma protein binding 
on the transport across the BBB is unequivocal. For a long 
time, it was believed that only free drug molecules could 
cross the BBB. However, some reports have demonstrated a 
significantly greater brain uptake of several protein-bound 
hormones and drugs than expected from their free plasma 
concentration [58]. Based on these results it was hypoth-
esized that in the brain microcirculation dissociation of the 
drug-protein complex is enhanced [55, 59].

One of the most frequently applied ways to increase the 
BBB permeation of the drug molecule is to synthesize its 
more lipophilic derivatives because lipophilicity is one of 
the most important parameters related to CNS penetration 

Fig. 4  Different approaches improving the CNS drug delivery
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[48]. The well-known example of this approach is that of 
heroin, a diacyl derivative of morphine, which crosses the 
BBB approximately 100 times more easily than its parent 
drug. Because of the direct correlation between lipophilicity 
and BBB permeability, hydrophobic precursors of hydro-
philic drugs were thought to be more permeable. However, 
although the exact uptake mechanism of heroin across the 
BBB is still unknown, it has already been shown that mor-
phine is a P-gp substrate and thus, effluxed out of the brain, 
while heroin is not, showing the P-gp may play a bigger role 
in BBB permeation of these compounds than the hypoth-
esized lipophilicity-related passive diffusion [60]. Moreover, 
the results of this strategy have frequently been unsatisfac-
tory mainly because of the changes in drug-like parameters 
and ADME processes, such as water solubility, metabolic 
half-life (t1/2), and clearance (CL) [33, 48, 56]. It happens 
frequently that lipidation of a polar parent drug contributes 
to the enhanced drug delivery to the brain but it does not 
correlate with an improved in vivo efficacy. It can be par-
tially explained by the fact that increasing lipophilicity of the 
compound also increases its non-specific binding to brain 
tissue and thereby reduces its availability for its therapeutic 
target within the brain parenchyma [33].

For instance, the studies on the lipophilic analogs of nitro-
sourea showed that anti-cancer properties of the drug candi-
dates were inversely proportional to their lipophilicity. It was 
explained by the fact that more lipophilic compounds present 
lower solubility in the aqueous plasma and easily bind to 
plasma proteins. This, in turn, leads to lower concentrations 
of drugs available for diffusion into the CNS [61]. This obser-
vation allows us to conclude that when a drug molecule is 
used to treat CNS diseases, an optimal balance between cer-
ebrovascular permeability and plasma solubility is required 
[56]. The reverse strategy to increasing lipophilicity may be 
to remove the polar groups in a drug, however, this approach 
might lead to the decreased interaction of a molecule with a 
molecular target [62]. In the light of recent research results, 
it should also be considered that some of the CNS drugs act 
by reaching their targets by diffusion through cell membranes 
[63]. It has been found that some small-molecule drugs inter-
act with their targets (receptors, ion channels, or transport-
ers) which are located at the phospholipid bilayer of cellular 
membranes. It means that a drug must first partition in the 
phospholipid membrane before reaching the protein target. 
Therefore, the membrane access mechanism, and underlying 
ligand–lipid interactions strongly influence drug’s activity, 
structure–activity relationships, pharmacokinetics and phys-
icochemical properties [63].

Another method used for the improvement of the BBB 
permeation is the reduction of hydrogen bond donor capac-
ity (HBD). Lipinski’s rule of five (RO5) suggests the HBD 
of drug candidates as < 5; however, CNS drugs usually have 
HBDs less than three. The studies in medicinal chemistry 

showed that reducing the HBD capacity of a drug candidate 
can be a promising approach for improving BBB penetration 
[48]. This strategy was applied by Sakai et al. [64] who put 
3-chloropyridazine in place of 5-aminopyrimidine in fibro-
blast growth factor (FGF) receptor modulator and obtained 
a greater total brain-to plasma partition ratio (Kp).

Recent research is also focused on tPSA, a parameter 
describing the sum of surfaces of polar atoms in a drug can-
didate. The number of polar atoms in a molecule was found 
to determine membrane transport, BBB permeability, and 
drug metabolism [65]. Molecules with a PSA greater than 
140 Å2 poorly penetrate cell membranes, while those with 
PSA below 60 Å2 are easily absorbed [65]. Therefore, reduc-
ing tPSA has become a promising strategy to improve the 
BBB targeting. This approach was applied by Rover et al. 
who found a correlation between tPSA and the BBB pen-
etration in a series of kynurenine monooxygenase (KMO) 
inhibitors [66].

Enhancing rigidity appears to be another promising way 
to increase BBB penetration. An example would be a chemi-
cal modification of erlotinib, epidermal growth factor recep-
tor (EGFR) tyrosine kinase inhibitor, based on the closure 
of alkoxy chains and formation of 1,4-dioxane chain. This 
change resulted in tenfold increased BBB penetration [67]. 
Medicinal chemists proposed also reducing  pKa as a way to 
enhance the BBB permeation since the value of pKa corre-
lates with the efflux ratio. For instance, reduction of basicity 
in molecules of FGF receptors modulators resulted in sixfold 
lower efflux ratio [64].

Nanocarriers as Devices Improving Physicochemical 
Properties of Drugs

Another method for increasing the BBB permeability of a 
hydrophilic drug is to incorporate the drug molecule into 
a sphere of lipids in a form of a liposome. This strategy 
allows for changing a matrix of a hydrophilic drug in which 
it is distributed. These nanocarriers comprise an aqueous 
core surrounded by a bilayer of lipid, mimicking the cell 
membrane. This structure helps in the fusion of liposomes 
with the cell membrane and subsequent uptake in the cells. 
Liposomes can transport effectively both hydrophilic and 
hydrophobic therapeutic agents [68]. However, even small 
unilamellar liposomes, do not cross the BBB substantially in 
the absence of vector-mediated drug delivery [56]. The next 
important drawback of liposomes is that they are rapidly 
removed from the bloodstream after intravenous administra-
tion, because of extensive uptake by cells lining the retic-
uloendothelial system [56]. The problem of limited BBB 
transport and rapid clearance of liposomes can be overcome 
by applying the PEGylation technique. Polyethylene glycol 
(PEG) of molecular weight below 6000 Da is biocompatible, 
non-immunogenic, and non-toxic and shows good solubility 
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in polar and non-polar solvents [69]. Importantly, liposomes 
increase drug stability, solubility, and prolong the circulation 
time. All these features make PEG a promising candidate in 
the design of CNS-drug delivery systems [70]. PEGylation 
of nanocarrier (e.g. liposome) was found to improve its bio-
compatibility and avoid the opsonisation of nanocarrier [68]. 
On the other hand, PEGylation isolates the targeting ligand 
and decreases the interaction with a specific target, which can 
contribute to lower interaction with the desired receptor site 
and reduced therapeutic outcome [68]. PEGylated liposomes, 
nanoparticles (NPs), and dendrimers are at the center of sci-
entists’ focus in CNS drug delivery. These devices can also 
be used as carriers of peptides, proteins, or genetic material. 
Below, we present just a few selected examples of research 
on PEGylated liposomes for drug delivery to the CNS. 
PEGylation technology can be used together with chimeric 
peptide technology to improve BBB transport and inhibit the 
peripheral clearance of liposomes [71]. Huwyler et al. [71] 
constructed PEGylated immunoliposomes (antibody-directed 
liposomes) containing a thiolated murine monoclonal anti-
body (Mab) and a 1,2-distearoylphosphatidylethanolamine 
(DSPE) moiety at the other end for incorporation into the 
liposome surface for the delivery of antineoplastic drug dau-
norubicin. These highly advanced immunoliposomes could 
cross BBB using receptor-mediated transport [71]. In turn, 
transferrin-conjugated PEGylated liposomes tethered with 
a glial fibrillary acidic protein promoter (pGFAP) or cyto-
megalovirus promoter (pCMV) were used as nanocarrier 

of brain-derived neurotrophic factor (BDNF), which has a 
vital function in restoring CNS damage. Both these liposo-
mal formulations showed great potential to cross the BBB. 
In addition, with pGFAP liposomes, the expression level 
of BDNF in the cerebral cortex was substantially increased  
[72]. Several other examples [73–82] of PEGylation to trans-
port drugs across the BBB are shown in Fig. 5.

Some studies indicate that cyclodextrins may improve 
drug delivery to the CNS; however, this field of science 
needs to be carefully and comprehensively examined [83, 
84]. On the other hand, the review of the latest data allows 
for concluding that CDs might be particularly useful in the 
treatment of cardiovascular and CNS diseases due to their 
promising effects on cholesterol metabolism [85].

Prodrug Approach

Another often used chemistry-based strategy that has been 
successfully applied to improve the CNS transport of small 
therapeutic agents is their chemical modification by employ-
ing the prodrug approach [86]. Prodrugs are generally 
defined as bioreversible analogs of drug molecules, which 
should undergo chemical or enzymatic biotransformation to 
transform into an active form that exerts the proper biologi-
cal effect (Fig. 6). The primary function of prodrug design is 
to overcome the multiple physicochemical, pharmaceutical, 
biopharmaceutical, or pharmacokinetic shortcomings of the 
parent molecule, which otherwise would limit its clinical 

Fig. 5  Examples of PEGylated nanocarrier-mediated brain delivery of therapeutic agents

1 3

M. Markowicz-Piasecka et al.950



administration [86]. The professional pharmaceutical lit-
erature mentions the following applications of prodrugs, 
overcoming the drug formulation problems, improvement 
of pharmaceutical properties of drugs such as poor aqueous 
solubility, chemical or enzymatic instability, improvement 
of pharmacokinetic properties: inadequate oral absorption 
or distribution, rapid metabolism, low brain penetration, 
and decreasing toxicity or local irritation [87]. The prod-
rug approach appears also to be a very promising tool to 
improve targeting of drug action, particularly anti-cancer 
activity [87]. To improve a site-specific delivery, a suitable 
enzyme could be tagged with a monoclonal antibody so that 
they are incorporated at the target tissue. A prodrug, which 
is then administered, upon reaching the target tissue, is then 
converted to its active form. For instance, β-lactamase is 
used for the activation of vinca alkaloids [70].

A wide variety of promoieties have been used to solve the 
potential problems associated with parent drugs. The choice 
of promoiety is generally determined by the purpose of the 
prodrug, type of functional groups available on the parent 
drug, chemical and enzymatic conversion, the safety of the 
promoiety, and ease of pharmaceutical formulation [88].

One of the most frequently cited examples of prodrug 
modification to improve BBB delivery is morphine and its 
related compounds, codeine, and heroin. These both deriva-
tives are formed through O-methylation and O-acetylation of 
morphine, which results in 10- and 100-fold increase in BBB 
transport, respectively. Codeine and heroin are converted 
to morphine in the brain, which interacts with the opioid 
receptor [89] (Fig. 7). As mentioned above, the prodrugs 
must be activated either by chemical or enzymatic means. 
BBB provides an adequate environment to convert prodrugs 

into drugs due to the presence of many enzymes, includ-
ing esterases. One example of esterase utilization to convert 
a prodrug into an active molecule is acetorphan, which is 
the benzyl ester of S-acetylthiorphan, a derivative of thior-
phan [90]. Thiorphan was discovered in the early 80 s of 
the previous century and is a specific enkephalinase inhibi-
tor with antinociceptive activity, but incapable of crossing 
BBB [91]. Chemical modification into acetorphan leads to 
increased lipophilicity and improved brain delivery. Follow-
ing CNS entry acetorphan is hydrolyzed by esterase to the 
more active inhibitor thiorphan [90]. Esterases can also be 
used as activating enzymes of ester-based prodrugs of non-
steroidal anti-inflammatory drugs (NSAIDS). For instance, 
Yoshiharu et al. [92] reported synthesis of a triglyceride 
prodrug of ketoprofen (1,3-diacetyl-2-ketoprofen glyceride), 
which extremely weakly crosses BBB due to the complete 
ionization of its carboxyl group at physiological pH and 
moderate lipophilicity. The addition of diacetyl glyceride 
to the carboxylic group of ketoprofen improved lipophilic-
ity and blocked the ionization of the carboxylic acid group. 
This modification resulted in greater transport through the 
BBB and more effective delivery of ketoprofen to the CNS. 
However, this strategy was not found very useful since keto-
profen was easily effluxed from the brain [92]. In turn, adeno-
sine deaminase (ADA) was studied as an activation enzyme 
for the delivery of 2’-beta-fluoro-2’,3’-dideoxyadenosine 
(F-ddA) and 2’-beta-fluoro-2’,3’-dideoxyinosine (F-ddI), 
acid-stable analogs of dideoxyadenosine (ddA) and dideox-
yinosine (ddI) [93] (Fig. 7). There are other enzymes such as 
xanthine oxidase, monoamine oxidase, and cytochrome-P450 
enzymes, which can be utilized as biotransformation systems 
in the conversion of drugs that cannot cross BBB [89]. For 

Fig. 6  Principle of transporter (L-type amino acid transporter 1, LAT1) -mediated prodrug approach, in which amino acid (AA) is attached to 
the parent drug to mimic LAT1-substrates, which is then cleaved in the brain parenchymal cells enzymatically
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example, xanthine oxidase was used as a biotransformation 
agent for enhanced brain delivery of an anti-HIV nucleoside 
2’-F-ara-ddI (didanosine) [94].

The prodrug approach is often utilized in the targeted 
drug delivery through carrier-mediated transport. Carrier-
mediated transport requires highly stereospecific substrates 
and presents specific structural requirements. As a result, 
therapeutic agents are not generally transported by carrier-
mediated transport (CMT) systems, but prodrug strategy 

appears to be a good method to overcome these drawbacks 
[89]. Thus, the newly synthesized prodrugs are quite often 
made of the active parent drugs, which are conjugated with 
the promoieties that resemble specific substrates of certain 
transporters. Ideally, the drugs are released after enzymatic 
cleavage from their prodrugs after reaching brain tissue 
and these approaches have been successfully developed for 
the BBB transporters such as LAT1, GLUT1, and SVCT2 
(Fig. 3, left side) [89].

Fig. 7  Prodrug approach to target the BBB

1 3

M. Markowicz-Piasecka et al.952



A prodrug approach can be also utilized in brain-targeted 
nasal delivery. Appropriate chemical modification of drug 
molecules can change their chemical-physical properties 
(octanol/water partition coefficient, stability) and enhance 
their ability to cross the nasal mucosa. In addition, prod-
rug strategy enables to decrease metabolic degradation of 
the drug, and therefore, improves its bioavailability. As an 
example, Kao et al. [95] studied the nasal route for the sys-
temic delivery of L-dopa using water-soluble ester prodrugs 
of L-dopa. It was found that water-soluble prodrugs for the 
nasal delivery of L-dopa to the CNS are characterized by 
advantageous features such as improved bioavailability, 
decreased side effects, and potentially enhanced CNS deliv-
ery [95]. Another example of a prodrug approach for the 
nasal delivery of drugs to the CNS might be ester prodrugs 
of 17β-estradiol, which allows obtaining high estradiol con-
centrations in CSF [96].

Chemical Drug Delivery Systems

The chemical drug delivery system (CDS) term was first 
introduced by Bodor and relates to a wide variety of possi-
bilities for site-enhanced or site-specific delivery [97]. The 
CDS is produced by chemical reactions from the target drug, 
which is then covalently coupled with one or more carri-
ers. In contrast to the prodrug approach, a CDS typically 
requires only a single activation step [98]. By design, after 
delivery, the CDS will undergo enzymatic conversion, which 
produces intermediates having different physical properties, 
thus ultimately allowing a preferential and favorable distri-
bution of a parent drug at the site of action [97]. Literature 
review shows that CDS can allow not only the site-enhanced 
delivery but also the sustained release of pharmacologically 
active concentrations at the active sites. The issue of CDS 
has been extensively studied, and three types of CDS can 
be distinguished: (i) enzymatic physicochemical CDS, (ii) 
site-specific enzyme-activated CDS, and (iii) receptor-based 
CDS. For instance, 1,4-dihydro-N-methyl-nicotinic acid 
(dihydrotrigonelline) is a frequently used lipophilic target 
or moiety that can increase the brain delivery of a wide vari-
ety of drugs [98].

CDSs based on the redox conversion of a lipophilic dihy-
dropyridine to an ionic, lipid-insoluble pyridinium salt, have 
been developed to improve the delivery of various types of 
drugs to the CNS. Generally, a dihydropyridinium-type 
CDS crosses the BBB by passive transport due to the high 
lipophilicity, then it undergoes enzymatic oxidation to an 
ionic pyridinium compound, which promotes retention in the 
CNS [99]. Redox CDS has been extensively applied to the 
brain-enhanced delivery of a wide variety of drugs, includ-
ing steroid hormones, neurotransmitters, anticonvulsants, 
antibiotics, antiviral, and anticancer agents [99].

Molecular Packaging

The delivery of peptides to the CNS can be enhanced using 
“molecular packaging” method. In this method, the pep-
tide unit makes up a part of a bulky molecule, in which the 
majority are the groups preventing recognition by peptidases 
and directing to BBB penetration [100]. This strategy allows 
for increased lipophilicity and concomitant improved passive 
transport, improved enzymatic stability, and brain targeting 
due to the lock-in mechanism. As an example, brain delivery 
of thyrotropin-releasing hormone has been improved using 
the molecular packaging strategy [101].

Biological Approach

Biological approaches of CNS drug delivery primarily origi-
nate from the understanding of the anatomical and physi-
ological basics of transport through BBB. Conjugation of a 
drug with antibodies is one of the most widely known exam-
ples of the biological approach in targeted drug delivery to 
the CNS (Figs. 3 and 4). The antibody–drug conjugate is 
directed towards an antigen residing on or within the target 
tissues, in this case, the brain. Antibodies are particularly 
well suited for RMT systems in the BBB given their high 
affinity and specificity for their ligands. Other biological 
methods such as vector-mediated transport, molecular trojan 
horses, or chimeric peptides will also be briefly discussed in 
the following sections (Fig. 4).

Antibody–Drug Conjugates

The high specificity of monoclonal antibodies contributed to 
the increased scientific interest in their application in drug 
delivery to the CNS to treat Alzheimer’s or Parkinson’s dis-
ease (AD, PD). It has been established that only 0.05–0.1% 
of the initial dose of injected antibodies enter the brain 
[102]. For instance, Faresjo et al. [103] reported the mean 
brain concentrations for  [125I]mAb3D6-scFv8D3 and  [125I]
di-scFv3D6-8D3b at 2 h post injection to be 1.1 ± 0.23%ID/g 
brain and 0.76 ± 0.06%ID/g brain, respectively. In addition, 
both antibodies had increased brain uptake compared to 
unmodified IgGs (ca. 0.03%ID/g brain). When assessing 
the concentration of antibodies in the brain parenchyma, it 
should be considered that this is an extremely difficult aspect 
to implement. Many researchers treat CSF as a surrogate of 
brain interstitial fluid (ISF) and estimate drug concentration 
in CSF. However, CSF to serum ratios for antibodies are 
usually higher than respective ISF to plasma ratios, and con-
sequently, brain uptake of antibodies may be overestimated 
[104]. The efficacy and safety of immunotherapies used for 
CNS disorders could be improved through an increase in 
antibody brain penetration. The main mechanisms involved 

1 3

Current Chemical, Biological, and Physiological Views in the Development of Successful… 953



in the transport of antibodies to the CNS include adsorptive-
mediated endocytosis (AMT); carrier-mediated transport 
(CMT) and receptor-mediated transcytosis (RMT) [105, 
106]. Indeed, the issue of antibody entry into the CNS is 
related to the pharmacokinetics of this process, which is 
not yet well understood [103]. This problem was tackled by 
Syvänen et al. [107] who assessed the brain distribution of 
antibodies designed for brain TfR1-mediated transcytosis. 
The authors reported that these antibodies enter the paren-
chyma mainly through the ECs of the BBB. Importantly, 
it was found that the studies reached the brain to a greater 
extent and were more uniformly distributed inside the brain 
compartment and parenchyma compared with unmodified 
IgG antibodies [107, 108]. The scientists reported also that 
the size of the antibody may affect its ability to diffuse in 
the cells of the brain parenchyma since brain distribution of 
a 15 kDa single domain antibody (sdAb) was greater than 
that of 150 kDa IgG antibody [109]. The issue of brain PK 
of antibodies was further studied by Faresjö et al. [103] 
reported that smaller size (58 kDa)  [125I]di-scFv3D6-8D3 
antibody showed faster elimination from blood, lower brain 
Cmax, and Tmax, than larger size  [125I]mAb3D6-scFv8D3. 
However, the smaller antibody exhibited a larger parenchy-
mal to capillary concentration ratio, and a net elimination 
from brain at an earlier time point after injection compared 
with the  [125I]mAb3D6-scFv8D3. Importantly, the authors 
did not find the differences between the elimination rate 
from brain between the antibodies [103]. Therefore, it might 
be concluded that the size of the antibody affects parenchy-
mal delivery, but it does not influence the elimination.

There are several methods to improve the delivery of 
antibodies to CNS. For instance, cationization of antibod-
ies by attachment of primary amine groups to their surface 
increases their uptake into the brain by AMT. Although the 
capacity of AMT is high, this mechanism is a process of 
low affinity and therefore is characterized by poor specific-
ity. Improved transport through CMT can be achieved by 
coupling the antibodies with specific endogenous substrates 
such as glucose or amino acids. However, this process is 
very challenging for the transport of antibodies because 
GLUT1 or LAT1 transporters carry only small molecules 
and are highly stereoselective [110]. In turn, optimization of 
the affinity of the ligand that is targeting specific receptors in 
RMT is another effective strategy for improving the uptake 
of antibodies [111].

One strategy to improve BBB transport of antibodies is 
the development of BBB-crossing bi-specific antibodies, 
which have been engineered to incorporate one specific-
ity against a BBB RMT receptor and the second against a 
CNS therapeutic target to produce a pharmacological effect. 
Another method can be the customized design of antibody 
constructs with physicochemical, molecular, and binding 
properties better optimized for successful transport across 

the BBB [105]. These methods are currently used for the 
brain-targeted delivery of monoclonal antibodies against 
β-amyloid to treat AD [112].

Peptide‑Vector Strategy

A few small synthetic peptides such as pegelin have been 
developed to effectively cross the BBB and to transport 
conjugated therapeutic molecules [113]. However, little is 
known about the mechanism they used to cross the BBB 
and enter the brain. Some authors imply the peptides can 
worm their way directly through the cell membrane [114]. 
For instance, transactivating-transduction peptide (TAT) 
is involved in the replication of HIV by penetrating the 
nuclear membrane and acting as an activator of transcrip-
tion [114]. Torchilin et al. [115] proposed the TAT peptide 
induces the formation of reverse micelles as an energy-
independent process. Cell-penetrating peptides are built of 
an amphipathic α-helix and contain hydrophobic domains 
and positively charged domains. These domains comprise 
repeating sequences of a charged amino acid (e.g. arginine or 
lysine) followed by a series of hydrophobic residues [114]. 
Rousselle et  al. [116] conjugated small peptide vectors 
(SynB1) with doxorubicin and obtained highly promising 
results manifested by increased CNS uptake of doxorubicin. 
Another example can be a fusion of β-galactosidase protein 
and peptide, which led to the effective distribution to all tis-
sues, including the brain [117].

Viral Vectors

There have been attempts to use adenoviruses, herpes sim-
plex virus, or lentivirus as vectors for the delivery of cDNA 
to the target site, also in the brain. However, there are several 
problems such as immunological response, and inability to 
express the inserted gene for a long period, which should be 
addressed before effective application of viruses as drug car-
riers [70]. Another important limitation is the safety of viral 
vectors due to the death of patients in clinical trials [118]. 
Up to now, adeno-associated virus (AVV) vectors have been 
found to present exceptional safety in humans. In addition, 
they were effective in gene delivery in the brain. However, 
one should be aware that viruses normally cannot passively 
cross the BBB, though viruses can transfect the gene into 
the targeted cells [118]. Therefore, other ways of adminis-
tration, such as injection in the CSF, have been developed. 
Research on new vectors is still ongoing, for example, a few 
AAV secrotypes showed the potential to bypass the BBB 
and target the cells of the CNS [119]. It is also worth notic-
ing that viruses can act as inducers of opening the TJ via 
upregulation of chemokines as a precursor for infiltration of 
inflammatory cells into the CNS [120].
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Molecular Trojan Horses

The “Trojan horse” approach is related to the modification 
of a specific drug that cannot freely pass the BBB but is 
attached to a special vector being capable of crossing the 
BBB. For instance, peptidomimetic monoclonal antibodies 
(mAbs) can utilize RMT across the BBB via endogenous 
peptide receptor transporters. By attaching a therapeu-
tic molecule to the receptor-specific mAb, one can obtain 
improved transport across the BBB [113]. As presented 
by Pardridge et al. [121] the human insulin receptor (HIR) 
is one of the most potent molecular Trojan horses in the 
BBB. For instance, effective brain uptake was obtained in 
the rhesus monkey by attaching amurine 83–14 mAb to the 
HIR. Molecular Trojan horses can also be utilized for gene 
therapy. For instance, Zhang et al. used nonviral RNAi gene 
therapy directed against the human EGFR to treat brain can-
cer in a mouse model [122].

The complexes comprising a trojan horse and a nontrans-
portable drug are also called chimeric peptides because the 
molecule is bifunctional. Chimeric peptide technique is 
based on the covalent coupling of a non-permeable drug to a 
BBB-transportable peptide vector (e.g., cationized albumin, 
insulin, transferrin, etc.) using a disulfide bond [123]. Such 
a chimeric peptide is then subjected to endocytosis by the 
ECs through receptor-mediated transcytosis and transported 
to the brain. In the brain tissue, disulfide reductases, cleave 
the active compounds from the peptide vector. Chimeric 
peptides can target various receptors in the BBB, e.g. insu-
lin receptor, insulin-like growth factor, or transferrin [124].

Even better results in the CNS uptake can be obtained 
by combining nanocarriers with transportable vectors, 
such as TAT peptides. This combination enables to obtain 
a stable drug with improved CNS penetration and reduced 
side effects [70]. As an example, PEGylated ciprofloxacin 
showed improved brain uptake when its surface was modi-
fied with TAT peptide [125].

Physiological Approach

The physiological approach to brain drug delivery is based 
on the utilization of naturally occurring transport mecha-
nisms across the BBB. These mechanisms include carrier-
mediated transport (CMT), receptor-mediated transport, 
and adsorptive-mediated endocytosis (Figs.  3 and 4). 
By appropriately designing new molecules or modify-
ing the existing ones so that they correspond to endog-
enous substrates and meet the structural requirements for 
the above-mentioned transporters, transport to the CNS 
can be effectively improved. In addition, the design of 
efflux pump inhibitors can prevent the removal of active 
substances from the CNS. Within this chapter, we will 

comprehensively review the current strategies using trans-
porter and receptors present at the BBB (Fig. 4).

Delivery Via Endogenous Transporters

Endogenous transporters have been successfully utilized 
for the transport of molecules that can mimic endogenous 
substrates of several transporters localized in the BBB. As 
an example, levodopa, gabapentin, and melphalan, which 
structurally resemble phenylalanine, are effectively trans-
ported by LAT1 carrier [126]. In turn, the transport of basic 
drugs such as lidocaine or propranolol is mediated by organic 
cation transporter (OCT) [114]. Importantly, scientists have 
attempted to chemically modify drug molecules to resemble 
the structure of endogenous substrates. In this case, a CMT 
substrate can be utilized as a drug carrier, which provides 
the original structural characteristic of the substrate class for 
the targeted transporter. This research is a significant part of 
the interest of medicinal chemists [126] because targeting 
transporters with good transport capacity and low affinity 
has become an attractive strategy for the improvement of 
brain drug delivery [14]. To optimize drug delivery by CMT, 
the active compounds are designed as structural analogs of 
endogenous substrates for a particular transporter for efficient 
delivery to the brain [14]. For instance, the glutathione trans-
porter has been used to transport glutathione-functionalized, 
PEGylated liposomes for the delivery of doxorubicin and 
paclitaxel [127]. Importantly, carrier-mediated transport of 
active molecules is limited to smaller drugs, which makes 
CMT harder to optimize for the delivery of large molecular 
weight drugs or macromolecules [128]. The other challenges 
associated with CMT are targeting the specific transporters 
without reducing affinity and meeting proper size criteria. 
Importantly, in the case of transporters with low transporter 
capacity, potential inhibition of drug uptake by high plasma 
levels of endogenous substrates should be considered [14]. In 
addition, some transporters in BBB are very selective in their 
stereochemical requirements for substrates and they cannot 
carry pseudo-substrates [114]. The basic characteristics of 
transporters localized in the BBB that could be utilized for 
brain-targeted drug delivery are presented in Table 1 and 
discussed in more detail below.

LAT1 Transporter

LAT1 transporter recognizes a carboxylic acid group and 
an amino group covalently linked to the same carbon atom, 
which is a part of an α-amino acid. LAT1 is selective for 
large neutral amino acids and requires a bulky hydropho-
bic side group. This group is very important as it allows 
the interaction with the cell membrane in such a way that 
the amino- and carboxylic-groups of the amino acids cor-
rectly align with the active site of the transporter. However, 
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glycine and alanine are not transported by LAT1 [129]. It has 
been found that the affinity (Km) to LAT1 of L-enantiomers 
of phenylalanine and leucine was greater compared to the 
D-enantiomers. However, the transport rate (Vmax) was simi-
lar to L- and D- enantiomers [130].

The most widely known substrate of LAT1 is the prodrug 
L-DOPA for the therapy of PD. Importantly, it is only 1% of 
an oral dose of L-DOPA, which is sufficient for therapeutic 
effect, while over 95% is decarboxylated to dopamine in the 
peripheral tissues [14]. In the CNS, the drug is decarboxy-
lated by aromatic amino acid decarboxylase, and dopaminę 
is released in the brain [131]. Another example of a prodrug 
targeting LAT1 transporter is L-4-chlorokynurenine being a 
prodrug of 7-chlorokynurenic acid, which is an antagonist of 
NMDA. The prodrug is converted into chlorokynurenic acid 
by aminotransferase [132]. A similar strategy was applied in 
the case of tyrosine-based prodrug of nipecotic acid, which 
is a potent inhibitor of neuronal GABA uptake [133]. LAT1 
transporter was also utilized to improve transport of keto-
profen, which was prepared in a form of a prodrug with 
L-tyrosine or L-lysine [134, 135].

Other well-known examples of LAT1 substrates include 
α-methyl DOPA, which is an antihypertensive drug, the 
chemotherapeutic melphalan, and antiepileptic gabapen-
tin [114]. A lot of scientific work is also concentrated on 
the modification of commercially available drug molecules 
to increase transport to the CNS by the LAT1 transporter. 
Interestingly, the antimitotic drug, D,L-2-amino-7-bis[(2-
chloroethyl)amino]-1,2,3,4-tetrahydro-2-naphthoic acid 
(D,L -NAM) has been found to have a much higher affinity 
for the transport system than the natural substrates and is 
preferentially transported into the brain [114]. Some other 
examples of drug modification into LAT1 substrate are 
shown in Fig. 8.

In summary, the chemical transformation of drug mol-
ecules into LAT1 substrates makes up a promising strategy 
for improving the delivery of drugs into the CNS. However, 
not all the above-mentioned examples of drug modifications 
were found to effectively cross the BBB. Most of the stud-
ies evaluated only the affinity towards LAT1 transporters 
using competitive inhibitors of LAT1 or large amounts of 
substrates. Importantly, in most of these studies, there is no 
information on the intra-brain distribution. Another impor-
tant aspect to be considered is the lack of knowledge on the 
distribution of these modified drugs to other tissues.

GLUT 1 Transporter

It has been reported that GLUT1 makes up over 90% of 
BBB glucose transporters [113]. GLUT1 transporters have 
also been used in pre-clinical studies as transporters for 
chemically modified drug molecules. Due to the consid-
erable expression and high capacity for CMT at the BBB, 

GLUT1 has become a promising target for prodrug delivery 
to the CNS. For instance, Bonina et al. [133] synthesized 
four new nipecotic acid esters, which were obtained by 
chemical conjugation with glucose and galactose (Fig. 9). 
In another study, Bonina et al. [136] prepared galactose 
and glucose esters of 7-chlorokynurenic acid, which is a 
potent glycine-N-methyl-D-aspartate (NMDA) receptor 
antagonist but shows weak activity after systemic admin-
istration. It was found that intraperitoneal administration 
of synthesized esters protected the tested animals from the 
seizures induced by NMDA, which means that they can be 
transported across the BBB. In turn, Halmos et al. [137] 
synthesized four glucose-chlorambucil derivatives, and stud-
ied their interactions with the GLUT1 transporter. All four 
compounds could reversibly inhibit  [14C]glucose uptake in 
a concentration-dependent manner, implying that they can 
interact with GLUT1 transporters, but not due to alkylation 
of a nucleophilic group of the hexose transporter [137]. Sev-
eral O-methylsulphonyl derivatives of D-glucose were con-
jugated to busulphan to make it more hydrophilic; however, 
this strategy was not found to be effective [138]. Another 
example of drug modification to target GLUT1 transporter 
is the synthesis of glycosyl conjugates of dopamine and 
L-DOPA as potential anti-Parkinson pro-drugs (Fig. 9). 
Interestingly, the dopamine derivatives were found to be 
more effective in reversing reserpine-induced hypolocomo-
tion in rats than L-DOPA or its conjugates [139].

Interesting results were also reported by Leveugle et al. 
[140] who have shown that degraded heparin, in contrast to 
full-length heparin, was able to cross the BBB, with tetra-
saccharides and disaccharides being the most effective. This 
finding suggests that heparin-derived oligosaccharides can 
cross the BBB, depending on their molecular weight. Later 
on, it was reported that C3, an ultralow molecular weight 
heparin fragment, was detected in the brain and CSF 45 min 
after intravenous injection, which indicates that C3 can pass 
through the BBB [141]. It is also worth mentioning that 
non-steroidal anti-inflammatory drugs (NSAIDs), ketopro-
fen, and indomethacin, were conjugated with glucose at the 
6-OH position for improved transport through the BBB with 
the aid of GLUT1 transporters [142].

Data on the use of glucose as a vector for peptide trans-
port are also available in the literature. For instance, Kriss 
et al. [143] coupled β-D-glucose to the opioid peptide mol-
ecule possessing analgesic activity and found that these 
glycopeptides can penetrate the brain via the glucose moi-
ety as a vector. In turn, Bilsky et al. attached simple sugars 
to enkephalins and found that these compounds possess 
improved penetration properties through the BBB [144].

Another fast-growing area of science is the func-
tionalization of nano-enabled delivery systems with 
carbohydrate moieties to improve brain delivery of 
drugs [145]. As an example, liposomes modified with 
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p-aminophenyl-α-D-mannopyranoside have been studied 
as carriers for the delivery of encapsulated drugs across the 
BBB via GLUT1 [146].

However, we should remember that designing prodrugs 
or derivatives having an affinity for the GLUT1 transporter 
is not straightforward. Those molecules should fill a few 
requirements, (i) hydrophilic drugs should be conjugated to 
the hydroxyl group at the C-6 position of D-glucose, (ii) the 
attached drug must be small and linked through a biodegrad-
able bond, but ought to be stable enough to cross the BBB 

[14]. These limitations make the design of GLUT1 targeted 
prodrugs challenging and difficult.

MCT Transporters

The presence of MCT1 transporters in major organs such 
as the liver, brain, and intestine implies they may exert an 
influence on the pharmacokinetics of substrates, includ-
ing pharmacologically active molecules. The presence 
of MCT1 transporters at the BBB suggests that they can 

Fig. 8  Modifications of drug molecules to target LAT1 transporters
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constitute potential targets to improve the delivery of their 
substrates into the brain tissue [147]. Apart from the trans-
port of endogenous short-chain monocarboxylates, MCT1 
was also found to carry some drugs such as valproic acid, 
salicylate, bumetanide, nateglinide, simvastatin, and ator-
vastatin [148]. Kang et al. [149] have reported that acidic 
drugs such as valproic acid, benzoic acid, nicotinic acid, or 
beta-lactam antibiotics are transported into the brain utiliz-
ing MCT1 at the BBB in a pH-dependent manner. Later on, 
it was confirmed that the brain transport of acetic acid was 

profoundly inhibited by monocarboxylates, which indicates 
a role of MCTs in the transport of these compounds across 
the BBB [150]. Interestingly, the sleep disturbances after 
administration of simvastatin or lovastatin result from their 
ability to cross the BBB via MCTs. On the other hand, the 
ability of statins to permeate the brain can be used in the 
treatment of AD due to their antioxidant properties. It has 
been demonstrated that administration of atorvastatin sig-
nificantly decreased lipoperoxidation, protein oxidation and 
nitration and also resulted in increased levels of glutathione 

Fig. 9  Modifications of drug molecules to target GLUT1 transporter
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in parietal cortex of aged beagles [151]. Therefore, statins 
can be useful in the treatment of AD amelioration of oxida-
tive damage.

MCTs may also act as the efflux transporters of certain 
drugs, e.g. probenecid, across the BBB. Deguchi et al. [152] 
reported that the restricted entry of probenecid into the brain 
is due to MCT-mediated efflux from the brain. It has also 
been found that 6-mercaptopurine is effluxed by MCTs in 
the BBB [153]. However, all the above-mentioned drugs 
have been serendipitously discovered to utilize MCT1 after-
ward and rational utilization of MCT1 in brain drug delivery 
remains to be seen in the future.

ENT Transporters

ENT transporters are highly important in the BBB because 
they are responsible for the transport of nucleosides and 
nucleobases necessary in the brain tissue. ENT1 and ENT2 
are very well characterized and display broad substrate spec-
ificity for purine and pyrimidine nucleosides [27]. Chemi-
cally, ENT1 is selective for ribose or arabinose moieties, and 
sensitive to modifications at the C(2′) and C(5′) positions 
with the C(3′) hydroxyl being essential for substrate binding 
[154]. Structure–activity studies revealed that modifications 
at the C(3′)-position, a lack of conformational flexibility, 
and loss of the sugar ring are factors, which reduce the abil-
ity of compounds to function as transportable substrates 
[155]. ENT1 transporter participates also in the transport 
of several types of drugs, including antineoplastic drugs 
(e.g., cladribine, gemcitabine, fludarabine, and cytarabine), 
antiarrhythmic drugs (e.g., dilazep, dipyridamole), antiviral 
therapeutics (e.g., ribavirin, zalcitabine, zidovudine), and 
antihypertensive drugs (e.g., nifedipine) [154].

There are still several unresolved questions about ENT-
mediated transport. For instance, it is not known whether 
the ENT transport is affected by regions of electronegativity, 
or it is sensitive to the orientation of the purine/pyrimidine 
ring about the glycosidic linkage. The knowledge on the role 
of hydrophobic interactions, or hydrogen bonding remains 
also unsolved [154]. Therefore, the understanding of ENT 
substrates has not been established yet.

CNT Transporters

Three isoforms of CNT transporters have been identified, 
CNT1, CNT2, and CNT3, which mediate  Na+-dependent 
co-transport of nucleosides and nucleoside analogs with 
CNT3 also mediating proton-driven co-transport. CNT1 
mediates the uptake of pyrimidine nucleosides, CNT2 pri-
marily transports purine nucleosides, and CNT3 transports 
both pyrimidine and purine nucleosides [156, 157]. Among 
them, CNT2 protein has been found at the luminal side of 
the BBB endothelium and the apical side of the choroid 

plexus epithelium [27]. Didanosine and ribavirin are exam-
ples of drugs being transported with the aid of CNT2 [158].

CNT3 mRNA has also been detected in the brain. How-
ever, its expression is not limited to this single organ. CNT3 
takes part in the transport of nucleoside analogs that are 
used as chemotherapeutics or anti-HIV drugs, including 
cladribine, gemcitabine, zidovudine, ribavirin, mizoribine, 
clofarabine, fluoropyrimidine, formycin B, didanosine (ddI), 
maribavir, floxuridine, entecavir [159]. However, some stud-
ies show that antiviral drugs such as zidovudine are not so 
optimal substrates for nucleoside transporters, which was 
manifested by apparently lower affinity values than those 
reported for antiviral drugs [160]. The major difference 
between antineoplastic and antiviral drugs is that the latter 
lacks the 3’-hydroxyl group of the sugar, which is crucial 
for nucleoside recognition and translocation. This finding 
suggests that a slight structural transformation induces a 
dramatic change in transport efficiency [161, 162].

CAT1 Transporters

Cationic amino acid transporter is ubiquitous in the human 
body and transports arginine, lysine, valine, glutamate, and 
ornithine. Transport mostly basic amino acids, and, to a 
lower extent neutral and acidic amino acids [163]. CAT1 
may function as a proton symporter [164].

Importantly, CAT1 was found to participate in cancer 
development; e.g., they promote cell growth, proliferation, 
and metastasis in colorectal and breast cancer [165]. There-
fore, the scientists used CAT1 transporters as a way to inter-
fere with tumor metabolism and exert anti-neoplastic activ-
ity [166]. As presented by Kozak, CAT1 may be a receptor 
for certain neurotrophic viruses [167]. Unlike the LAT 1 
transporters [165], CAT1 has not been used to rationally 
design prodrugs for the targeted delivery of drugs to specific 
tissues.

OCT Transporters

Organic cation transporters (OCTs) are polyspecific 
facilitated diffusion transporters that mediate the cellu-
lar absorption and clearance of endogenous compounds 
and xenobiotics in humans [168]. All three isoforms of 
OCTs, OCT1-3 are expressed at the human brain micro-
vascular endothelium; however, the exact localization of 
these transporters is not fully known [169]. Importantly, 
it has been found that OCTs may serve in the brain as 
a compensatory clearance system in case of monoamine 
spillover after high-affinity transporter blockade by anti-
depressants or psychostimulants. OCT2 and OCT3 were 
found to take part in a variety of central functions, includ-
ing anxiety, response to stress, and antidepressant efficacy 
(e.g. response to imipramine, fluoxetine, or fluvoxamine) 
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[168]. In addition, these transporters are also engaged in 
other processes like osmoregulation and neurotoxicity. 
OCTs participate also in the transport of drugs. As an 
example, memantine, an N-methyl-d-aspartate (NMDA) 
receptor antagonist, is an established transport substrate 
and inhibitor of OCT1/OCT2 transporters and has been 
previously used in ischemic stroke [170]. Also, other 
drugs targeting NMDA receptors such as phencyclidine 
or ketamine may also function as OCT blockers [171]. 
OCT transporters may also be involved in the neurotox-
icity induced by paraquat or MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine) [172].

Because some drugs can concentrate several folds in 
the brain compared to blood, some assumptions have 
been made that they can interact with OCT transporters 
in the brain [173]. For instance, bupropion was found to 
suppress the activity of OCT2 in the brain. In turn, the 
activity of OCT3 was sensitive to clozapine and diazepam 
[173]. Other examples of drugs interacting with OCTs in 
the brain include antiviral drugs (aciclovir, lamivudine, 
abacavir) [174], antidiabetic drugs (metformin) [175], 
antineoplastic drug cisplatin [176], and antimalarial drug 
quinine [177].

OATP Transporters

The OATPs, a group of SLC transporters, are widely 
expressed throughout the body, also at the human BBB, 
with OATP1A2 and OATP2B1 expressed at the luminal 
side of ECs. OATPs mediate the uptake and efflux of 
endogenous molecules as well as xenobiotics, which pos-
sess amphipathic characteristics. The substrates for OATP 
transporters include prostaglandins, steroid and thyroid 
hormone conjugates, bile acids (e.g. bilirubin, cholic 
acid), and several therapeutic drugs [178]. As an example, 
OATPs transport 3-hydroxy-3-methylglutaryl coenzyme 
A (HMG-CoA) reductase inhibitors such as rosuvastatin, 
atorvastatin, or pitavastatin, which have been shown to 
exhibit both neuroprotective and antioxidant properties 
[179]. Other drug substrates of OATPs include antibiotics 
(e.g., erythromycin, tebipenem), β-blockers (acebutolol, 
atenolol, celiprolol), chemotherapeutics (e.g., metho-
trexate, imatinib), and anti-HIV drugs (e.g., lopinavir, 
saquinavir) [170]. OATP1A2, due to its expression in the 
BBB, may also be involved in the brain entry of opioids. 
Despite the moderate knowledge on the drug substrates 
for OATP, there is no information regarding transporter-
specific inhibitors [180]. The above-mentioned findings 
imply that OATPs represent interesting candidates for drug 
uptake across the BBB; however, in many respects, the rel-
evance of OATP in drug delivery across the BBB remains 
unknown [181].

OAT3 Transporters

Among ubiquitously expressed OAT transporters (primarily 
in the kidneys), OAT3 are present also at the abluminal side 
of the brain capillaries [182]. The major function of OATs 
is to transport organic anions against electrical and chemical 
forces. They allow for anions transport against their chemi-
cal gradient to obtain levels intracellularly several times 
higher than in the extracellular fluid [183]. OAT3 mediates 
the uptake of small molecule anions including xenobiotics, 
endogenous metabolites such as conjugates of signaling sex 
steroids, as well as vitamins and some plant-derived metabo-
lites (e.g., flavonoids) or uremic toxins. Generally, the drug 
substrate spectrum for OAT3 is wide and includes NSAIDs, 
antibiotics (β-lactams, e.g., cefaclor, tazobactam), ciproflox-
acin, zidovudine, methotrexate, and pravastatin. The cur-
rent literature highlights that anion transporters may play 
an important role in the efficacy of multiple therapies as 
well as in modulating the intensity of adverse side effects 
associated with them [183]; however, most data is focused 
on the uptake, distribution or elimination, not the delivery 
to the CNS.

In the brain, OAT3 participates in the active efflux of 
several drugs, including PAH, benzylpenicillin, indoxyl sul-
fate, and homovanillic acid [182]. During the writing of this 
work, the authors did not find any literature examples of 
drug modifications to target OAT3 transporters in the brain.

Choline Transporters

Choline is transported by three different carriers including 
polyspecific OCT1-3 transporters with a low-affinity for cho-
line, high-affinity choline transporter 1 (CHT), and choline 
transporter-like proteins (CTL1-5; SLC44A1-5). Brain ECs 
take up extracellular choline via intermediate-affinity CTL1 
and low-affinity CTL2 transporters [184]. CHT1 is structur-
ally related to the SGLT-sodium glucose cotransporter and 
participates in  Na+-dependent choline transport across the 
plasma membrane in neuronal tissues. This transport sup-
plies choline for the synthesis of acetylcholine [185]. In turn, 
CTL1 has an intermediate affinity for choline, with a  Km in 
the low micromolar range. Similar to CHT1, CTL1 is inhib-
ited by the choline analogue hemicholinium-3 (CH-3) [185]. 
The role of CTL1 in the CNS is still not fully understood, 
and some authors link this transporter with the development 
of neurodegenerative diseases.

Efflux Transporters

During the past few years, the role of efflux transporters, 
especially those present at the BBB or BCSFB, in the treat-
ment of CNS diseases has been highly appreciated. Efflux 
transporters in the brain take part actively in the homeostasis 
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of endogenous compounds and protect the brain from poten-
tially harmful xenobiotics. On the other hand, the activity of 
efflux transporters contributes to the decreased availability of 
administered drugs in the treatment of CNS diseases. Effec-
tive efflux of therapeutics from the brain by transporters is 
a frequent cause for the pharmaceutical industry to exclude 
novel compounds from the further development of CNS 
drugs. Additionally, elevated expression of efflux transport-
ers that can be present in individual patients may cause thera-
peutic failure in CNS diseases [186]. Among the most widely 
known efflux transporters in the BBB are P-glycoprotein (Pgp, 
ABCB1), members of the MRP (ABCC) family, and breast 
cancer‐related protein (BCRP/ABCG2). These transporters 
are associated with the limited brain penetrations of CNS‐
active drugs, which restricts drug effectiveness or may even 
result in mere drug resistance.

P‑glycoprotein

P-gp, amphipathic cationic efflux pump, is localized in the 
luminal site of capillary EC of the BBB and serves as a 
general defense mechanism in the mammalian BBB, which 
reduces the penetration of harmful lipophilic compounds 
into the CNS. P-gp belongs to the ABC (ATP-binding 
cassette) superfamily comprising more than 30 families 
of transporters [187, 188]. P-gp is localized at the apical 
membrane of capillary ECs, which allows for immediate 
efflux of drugs back into the blood [189]. Importantly, the 
activity of P-gp at the apical membrane contributes to the 
reduced intracellular endothelial drug concentrations and, 
as a result, increases the concentration gradient between EC 
cytoplasm and brain extracellular space. Both these phenom-
ena enhance the extrusion of drugs from the brain extracellu-
lar space, and the removal of the drugs into the blood [186].

Apart from the apical membrane of ECs, P-gp is also 
localized in the intracellular compartments. In cytoplasmic 
vesicles, P-gp may concentrate drugs in the interior of the 
vesicles and may thus sequester drugs away from their sub-
cellular targets [190]. In the case of the cell membrane, high 
P-gp levels are expressed in caveolae [191].

During the past two decades, scientists have identified a 
large number of P-gp substrates. P-gp substrates are gener-
ally non-polar, weakly amphipathic compounds that vary 
considerably in molecular size [27]. Probably one of the 
most known examples of limiting the CNS penetration role 
of P-gp is loperamide, which is an opiate antidiarrheal agent. 
Loperamide is a substrate for P-gp and, therefore, cannot 
cross the BBB. High affinity for P-gp, and subsequent lack 
of CNS penetration make the drug to be available over the 
counter for a peripheral indication to reduce gut motility. 
Importantly, administration of even high doses of lopera-
mide does not result in CNS effects, such as euphoria or 
dependance which is typical for other opiates [192]. P-gp is 

also essential in limiting the brain distribution of the nonse-
dating antihistaminic drug, fexofenadine [193]. In turn, the 
affinity towards P-gp makes domperidone, the dopaminergic 
antagonist, ineffective in the treatment of psychosis. Simi-
larly, P-gp plays a major role in limiting the CNS penetration 
of HIV protease inhibitors and contributes to the reduced 
central activity of these drugs in the treatment of the neuro-
logical complications of HIV [193]. The other examples of 
P-gp substrates, including anticancer drugs, antidepressants, 
antiepileptic drugs, and immunosuppressants are presented 
in Table 2 [194–196]. Some studies have also suggested that 
P-pg participates in the transport of endogenous mediators 
such as steroids, bilirubin, or β-amyloid [197].

An important area related to P-gp is the development and 
use of its inhibitors to improve the efficacy of antineoplas-
tic drugs. The presence of P-gp in tumors and at the BBB 
contributes to the multi-drug resistance (MDR) of brain 
tumors. Several anticancer drugs are P-gp substrates and, as 
a result, weakly pass the BBB, and do not exert anticancer 
effects. Using P-gp inhibitors in cancer therapy can therefore 
improve the pharmacokinetics of the anticancer drugs, and 
increase their CNS concentrations. Furthermore, the intra-
cellular drug concentration in brain tumors can be elevated 
when the inhibitor also distributes to the brain tumor [187]. 
As an example, an increased in vitro BBB permeability was 
observed following simultaneous administration of the vin-
blastine and the P-gp inhibitor PSC833 [198]. Apart from 
PSC833, there are also other inhibitors such as verapamil, 
R-verapamil, cyclosporin-A, LY 335,979, GF 120,918, S 
9788, and RU-486 [199]. Another possibility for interaction 
with P-gp is at its glycosylation sites [187].

Multidrug Resistance Proteins

The MRP transporters (MRP1-9) are encoded by the ABCC 
class of genes. Compared to P-gp and BCRP, the members 
of the MRP family are not ubiquitous in capillary ECs. The 
expression of MRP4 was detected at the luminal side of ECs 
in the brain. In an MRP4 knockout mouse model, topotecan 
concentration was elevated in the brain, which suggests the 
important role of MRP4 in topotecan distribution in the CNS 
[200]. Luminal expression of MRP5 in human BECs has 
also been confirmed [178]. MRPs mediate the transport of 
many endogenous substrates including hormones, prosta-
glandins, leukotrienes, and their conjugates (glucuronides, 
sulfates, and glutathione) [201]. Importantly, MRPs take 
part in the efflux transport of a diverse array of drugs [202], 
structurally being organic amphipathic anions. Cationic 
drugs can also be transported using MRP system, however, 
they are co-transported with glutathione (e.g., etoposide) 
[187]. The primary function of MRPs is to extrude xenobi-
otics from cells, thereby contributing to the development of 
the MDR phenotype [27]. Simultaneous administration of 
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MRP inhibitors like probenecid or MK-571 contributes to 
the enhanced drug penetration into the brain or inhibition of 
drug efflux from isolated brain ECs [203].

Breast Cancer Resistance Protein

The BCRP is an ABC transporter encoded by the ABCG2 
gene and is located at the luminal site of capillary ECs [178]. 
Interestingly, BCRP is expressed at higher levels than P-gp 
in human capillary ECs [204]. However, its contribution to 
the transport of endogenous substrates or xenobiotics is not 
clearly understood as in the case of P-gp. BCRP is generally 
co-expressed with MDR1 and shares many of its substrates, 
inhibitors, and inducers. BCRP participates in the transport 
of some hormones and their conjugated metabolites [205] 
and urate. There is quite a large similarity between BCRP 
and P-gp in terms of drug substrates [178]. Substrates and 
inhibitors of BCRP include a wide range of clinically impor-
tant and structurally diverse drugs, including rosuvastatin, 
glyburide, nitrofurantoin, dipyridamole, cimetidine, chlo-
rothiazide, sulfasalazine, and leflunomide), or some dietary 
components [206]. One of the most studied functions of 
BCRP is being a mediator of drug resistance to chemothera-
peutic agents. As an example, the role of BCRP in limiting 
brain penetration has been shown for prazosin and mitox-
antrone [207]. Another substrate of BCRP is topotecan, an 
antineoplastic drug used to treat recurrent small-cell lung 
and ovarian cancer. High affinity towards BCRP in the BBB 
makes the drug weakly effective in the treatment of CNS 
cancers. Similar effects were also reported for imatinib 
[193].

BCRP inhibitors can be divided into three categories: (i) 
highly potent and relatively specific (e.g., fumitremorgin C 
and its analog Ko143), (ii) highly potent but relatively non-
specific (e.g., GF120819), and (iii) more general inhibitors 
of ADME mechanisms (e.g., cyclosporine A and some of 
the anti-HIV protease inhibitors).

The exchange of metabolites and xenobiotics between 
blood and CSF occurs with the aid of transporters belong-
ing to the ABC-transporters and SLC super-families. Simi-
lar to BBB, MRPs and P-gp are expressed in the choroid 
plexus [208]. MRPs are expressed on the apical or basolat-
eral side of the epithelial cells and take part in the removal of 
metabolic waste products and harmful molecules out of the 
CNS. For instance, MRP1 protects the B-CSF barrier against 
heavy metal ions, toxins, and various xenobiotics [208]. 
In turn, P-gp is present on the apical side of CP epithelial 
cells and appears to have a different function than in BBB 
[209]. Importantly, SLC transporters participate in the neu-
roprotection of the B-CSF barrier. As reported by Ghersi-
Egea et al. [210] plasma membrane monoamine transporter 
(PMAT; SLC29A4) removes endogenous monoamines 
such as serotonin, dopamine, and histamine from the CSF. 

In turn, organic anion transporter (OAT), and organic anion 
transporting polypeptide (OATP) take part in the removal of 
organic anions [5]. The issue of transporters in BCSFB has 
been well described by Solar et al. [208], who indicate that 
also other transporters, including MRP4 and MRP5, large 
neutral amino acid transporter LAT1 (SLC7a5), divalent 
metal transporter (DMT)-1, equilibrative nucleotide trans-
porters (Ent)-1, peptide transporters (Pept)-2 are expressed 
in the CP epithelial cells.

In conclusion, efflux transporters at the BBB and the 
blood–CSF barrier limit the uptake of xenobiotics and par-
ticipate in their extrusion. The localization at the apical 
membrane of capillary endothelial cells, efflux transporters 
play a major role in the removal of drug substrates back into 
the blood. For the newly developed compounds, it is highly 
important to establish whether a particular compound is a 
substrate or inhibitor of a certain transporter. Low affinity 
to BBB efflux transporters is beneficial for the development 
of CNS drugs that should reach therapeutic concentrations 
in the brain. In turn, high affinity to BBB efflux transport-
ers is a desirable feature for the peripherally acting drugs to 
diminish CNS side effects. Antineoplastic drugs were among 
the first drugs that were discovered to be substrates of efflux 
transporters, including P-gp. The efflux of anticancer agents 
from the brain remains to be a major research challenge due 
to its potential to limit their therapeutic efficacy in the treat-
ment of CNS cancer. Although the research methods are 
focused on identifying the criteria that allow a prediction 
of whether a particular compound is an efflux transporter 
substrate, reliable predictions are still not possible yet [186]. 
Another important area of research is the use of efflux trans-
porter inhibitors to increase the concentration of selected 
drug molecules in the CNS. For instance, cyclosporin A is 
frequently used as a competitive P-gp inhibitor in experi-
mental studies.

Taken all, influx and efflux transporter data together, 
CMT pathways have a crucial role in drug distribution and 
particularly in brain drug disposition [211]. Unfortunately, 
there is still a lack of knowledge (many orphan transporters) 
as well as a lack of appropriate tools to study these transport-
ers, which is a major hurdle also in the development of suc-
cessful brain-targeted pharmaceutics [212, 213]. Moreover, 
in the future, more attention should be paid to brain region-
specific drug delivery and selective sub-brain transporter 
expression, since many diseases affect only certain parts of 
the brain. For example, the amygdala and hippocampus are 
affected by AD, and epilepsy, while Parkinson’s disease (PD) 
is related to cerebellar and thalamic dysfunctions and MS 
with cortical problems. More importantly, disease‐related 
or therapy‐induced changes in the expression of influx or 
efflux transporters should be taken also into consideration, 
as they critically affect the brain pharmacokinetics of some 
CNS‐active drugs [211, 214, 215]. Downregulation of influx 
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transporter may cause inadequate drug response, while 
upregulation of influxes and downregulation of effluxes may 
have toxic consequences. Furthermore, patient-specific dif-
ferences, not only in genetics but also in physiology should 
be studied more carefully in the future, since transporters are 
regulated by circadian rhythms and hormone levels, which 
may have a significant effect on the best timing of the admin-
istration of particular medication to reach the brain within 
therapeutically relevant concentrations [216, 217].

Receptor‑Mediated Delivery of Drugs

Capillary ECs in the brain have also proved to possess spe-
cific receptor-mediated transport mechanisms that poten-
tially can be used as a way to carry therapeutic agents to the 
CNS (Fig. 3). The main receptor systems taking part in the 
RMT include TfR, IR, and LDLR. These receptors together 
with other newly discovered receptors can be exploited as 
targets for drug delivery to the brain. In order to take advan-
tage of the endogenous RMT mechanism for drug delivery, 
the therapeutic agent must be linked with a molecule capable 
of targeting a particular receptor of the RMT system. This 
vector could be either the natural ligand or artificial ligands 
like antibodies or peptides [36]. For instance, antibodies that 
bind to the TfR can be transported into the brain and can 
function as carriers for the delivery of compounds, includ-
ing proteins, genes, or drug-loaded nanoparticles [218]. In 
contrast to CMT, targeting RMT is not limited by the size 
of the conjugated therapeutic molecule because it employs 
vesicle-based transport [36].

Targeting the RMT system is an innovative and non-
invasive approach for drug delivery that requires only an 
intravenous injection. RMT strategy has several advantages, 
for instance, the quantity of the drug being transported 
across the BBB can be increased substantially. In addition, 
a low dosage of drug can be used for effective transport, 
and adverse side effects can be minimized. Finally, RMT 
provides the versatility of targets (TfR, IR, folate receptor, 
lactoferrin receptor, etc.), and it can be exploited in conju-
gation with peptides, liposomes, polymer systems, or nano-
particles [219].

Transferrin Receptor

RMT using transferrin receptor (TfR) on the capillary ECs 
appears to be the best choice for improving the transport of 
biological therapeutics with high molecular weight to the 
brain. Since 1984, when Jefferies et al. [220] reported that 
ECs of the brain expressed TfRs as opposed to endothelial 
cells in other organs, the scientific interest in TfR has grown 
a lot. Selective expression of TfR in the BBB may contribute 
to the preferential accumulation of TfR-targeted substances 
in the brain [221]. Importantly, TfR may also improve the 

efficacy of transport of the already available antibody-based 
drugs used in the treatment of neurodegenerative diseases, 
e.g., via bi-specific antibody design [221].

The studies on targeting TfR can be divided into two cate-
gories regarding the type of drug delivery system, antibody-
based drugs, and nanocarriers. The review of current and 
past literature shows that both endogenous ligand Tf, and a 
few antibodies or peptides can be used in TfR-targeted drug 
delivery. The primary advantage of using Tf is the fact that it 
binds to the physiological binding site on the Tf receptor and 
triggers the endogenous mechanism of endocytosis of the Tf-
TfR complex into the brain ECs [221]. The previous studies 
on the mechanism of TfR-mediated transcytosis showed that 
neither the receptor nor the Tf itself transcytoses into the 
brain parenchyma from the luminal side of the vessel [222]. 
In turn, iron is released from its binding to Tf, removed out 
of the endosome, and subsequently out of the ECs [223]. 
Numerous studies have shown that the Tf molecule enables 
to improve drug uptake in the brain parenchyma using anti-
body constructs and nanocarriers. Therefore, there should be 
a particular mechanism allowing for the drug release from 
the TfR and its effective transport to the brain [221, 224]. 
However, nobody has reported such a mechanism. There are 
several examples of Tf-drug conjugates, including doxoru-
bicin, chlorambucil, or mitomycin C (MMC) which were 
found to improve cytotoxicity of chemotherapeutics with a 
concomitant decrease in adverse effects [225].

Antibody OX26 is another often used TfR-targeting 
compound, which was originally developed by Jefferies and 
co-workers in the middle’80 s [226]. OX26 has been exten-
sively tested as a TfR targeting molecule, both in a form of 
conjugates with various types of drugs or.

with different nanocarriers. These constructs have been 
used in preclinical studies on various diseases of CNS, 
including Parkinson’s disease [227], Alzheimer’s disease 
[228], or stroke [229]. Apart from Tf or OX26 antibody, 
small peptides have been tested to target TfR. These pep-
tides did not interfere with the binding of endogenous Tf to 
TfR [230] but they were unstable in plasma. Importantly, 
they show a low affinity for TfR, which may make them less 
relevant compared to antibodies [36]. As an example, Israel 
et al. [231] compared the functionality of different peptides 
targeting the TfR and low-density lipoprotein receptor-
related protein 1 (LRP1) and reported that the choice of a 
peptide is crucial for the subsequent uptake potential in the 
brain.

The exploitation of TfR as a target for improved drug 
delivery to the CNS has started thirty years ago. Friden 
et al. reported that conjugation of methotrexate with OX26 
antibody resulted in elevated brain parenchymal levels of 
the drug compared to free drug [232]. These results were 
the first step in proving that TfR can be used for brain drug 
delivery. Later on, Friden et al. [233] published a paper  
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on improved brain delivery of nerve growth factor (NGF) 
conjugated to an anti-TfR antibody. The increased trans-
port of NGF affected positively the survival of cho-
linergic and non-cholinergic neurons, which could be 
beneficial in the treatment of AD [233, 234]. This con-
jugate was also proved to be effective in the treatment of  
Huntington’s disease [235]. Antibody OX26 was used for 
the TfR targeted delivery of numerous molecules, includ-
ing brain-derived neurotrophic factor (BDNF) [236], epi-
dermal growth factor (EGF) [237], fibroblast growth factor 
(FGF) [229], and vasoactive intestinal peptide (VIP) [238].  
There are also other examples with the transport of antisense 
oligonucleotides [239], and peptide nucleic acids (PNAs) 
[240]. Despite these promising initial trials, there are a few 
doubts regarding the efficacy of this method. For instance, 
Moos and Morgan [241] reported that the constructs were 
localized in the ECs of the capillary wall with little evi-
dence of transport into the brain parenchyma. This finding 
indicates that the OX26 antibody was bound too tightly to 
the TfR that release during the endosomal sorting process 
was unlikely. Similar reports on the lack of the OX26 pres-
ence in brain parenchyma were also published later [242,  
243]. More recent studies suggest that this problem could be 
solved by modification of the affinity of the antibody towards 
the TfR because the antibody binding mode interferes with 
the transport process [102]. It ha also been suggested that the 
binding mode also could be changed through modulation of 
the avidity, engineering dual variable domain antibodies, or 
through introducing pH-sensitivity in the variable domain  
of the TfR-targeting antibody [36].

RMT through TfR has also been exploited using nanocar-
riers attached to the TfR-targeting molecules to improve the 
transport of cargo encapsulated in the nanocarrier across 
the BBB. The first studies included daunomycin-loaded 
liposomes, which were conjugated with OX26 antibody 
[244]. Various liposomal formulations have also been used 
as carriers of nucleic acids. It could be achieved by apply-
ing positively charged phospholipids, which allowed for 
incorporating both plasmid DNA or small RNAs [122, 245]. 
Besides liposomes, other nanoparticles may also be used 

to target TfR, including polymeric nanoparticles or gold 
nanoparticles. As an example, OX26 has been used to tar-
get various polymers such as poly-lactic acid (PLA)-PEG, 
PEG-polycaprolactone (PCL), and poly(lactic-co-glycolic 
acid) (PLGA) nanoparticles. This approach allowed for 
effective delivery of amphotericin B, Aß peptide, temozo-
lomide across the BBB [246, 247]. Some other examples are 
presented in Table 3.

Folate Receptor

The folate receptor (FR) is a glycoprotein receptor that 
mediates the brain uptake of folic acid and other forms of 
folate through the process of endocytosis [219]. Folic acid 
is an endogenous ligand for FR, therefore it constitutes a 
promising and potent candidate for coating a drug delivery 
molecule. Such a construct could facilitate the transport of 
certain drugs through folate receptor-mediated endocytosis 
[248]. As an example, folic acid was conjugated to the nano-
carrier containing doxorubicin and BCL-2 siRNA. This con-
struct resulted in effective brain delivery of doxorubicin and 
BCL-2 siRNA [249]. In turn, PLGA nanoparticles modified 
with lactoferrin and folic acid allowed for improved delivery 
of etoposide across the BBB [250]. Also, other nanoscale 
drug delivery systems were found to improve brain delivery 
of chemotherapeutics, and as a consequence the efficacy of 
antineoplastic treatment in animal models.

Insulin Receptor

In the CNS, insulin is not only necessary to regulate glu-
cose uptake and metabolism but also affects synaptogenesis 
and nerve growth and acts neuroprotectively. Insulin in the 
CNS is primarily derived from the blood, so it can cross the 
BBB. The mechanism of insulin transport has been studied 
thoroughly, and it occurs by receptor-mediated transcytosis 
via the signaling-related insulin receptor [38]. The insulin 
binding sites in IR on the luminal face of brain capillary ECs 
mediate the transport of insulin across the BBB and acti-
vate the signaling-related insulin receptor and insulin-like 

Table 3  Receptor-mediated drug delivery using various nanocarriers

LfR lactoferrin receptor, PD Parkinson’s disease, BPD N-3,4-bis (pivaloyloxy)-dopamine, Tf transferrin, EGF epidermal growth factor, IR insu-
lin receptor, LRP1 lipoprotein receptor

Nanocarrier Targeting ligand Targeting receptor Drug used Disease Ref

PEG-PLGA NPs Lactoferrin LfR - PD [274]
Liposome RVG29 peptide N-acetylcholine receptor BPD PD [275]
Carbon dots Tf TfR Doxorubicin Astrocytoma [276]
Self-assembly gold NPs EGF peptide EGFR Doxorubicin Brain tumor [277]
Solid-lipid NPs Monoclonal antibody IR Carmustine Glioblastoma [278]
Peptide-drug conjugate Angiopep-2 peptide (An2) LRP1 receptor Morphine-6-glucuronide Pain management [279]
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growth factor 1 (IGF-1) receptor. Since the endogenous 
metabolism of insulin is disrupted in situations where the 
receptor itself was targeted, therefore, monoclonal antibod-
ies that have an affinity to an epitope of the IR should be 
used [219]. Similar to other transporters present at capil-
lary cells of the BBB, conjugation of drugs to monoclo-
nal antibodies that have affinity towards IR was found to 
be a promising strategy for improving drug delivery to the 
CNS. For instance, genetically modified murine monoclonal 
antibodies (83–14 MAb) linked to the human IR resulted 
in a chimeric HIRMAb, which could act as a carrier for 
neurotherapeutic drugs [251]. Another example are serum 
albumin nanoparticles conjugated with IR monoclonal anti-
bodies and certain drug molecules. These conjugates were 
effectively transported across the BBB [219, 252]. Although 
there are a few examples of promising exploitation of IR as 
targets for drug delivery to the brain, researchers should be 
aware of its fundamental role in the maintenance of glucose 
homeostasis.

Lipoprotein Receptor

Low-density lipoprotein receptors (LDLR) are located on the 
surface of brain capillary ECs and act through the process of 
endocytosis. They transport not only LDL across the BBB 
but also take part in signaling pathways. They were also 
found to interact with several other molecules such as lacto-
ferrin, melanotransferrin, TAT protein, or ApoE [253]. Simi-
lar to other receptors present on the BBB, LDLR can also 
be used as a target in drug delivery to the brain. Lipoprotein 
receptor–related proteins, particularly LRP1 and LRP2 can 
be used for drug delivery across the BBB [219].

Demeule et al. [254] reported the preparation of a con-
struct consisting of hexa-peptide and polysorbate 80 nano-
particles (PBCA) and proved its effective transport through 
the BBB. It was presumed that the transport of this construct 
is based on the interaction with LDL receptors and subse-
quent endocytosis. Another example of targeting LDL recep-
tors might be to use lactoferrin as a ligand. Lactoferrin is a 
multi-functional protein whose levels are higher in certain 
CNS diseases. PEG-PLA nanoparticles modified with lacto-
ferrin showed therapeutic efficacy in the treatment of PD in 
rats [255]. Despite the promising above-mentioned exam-
ples, further research is needed to confirm the possibility of 
using LDLR in the targeted delivery of drugs to the CNS.

Leptin Receptor

Leptin is released into the blood from fat cells and enters 
the brain through the BBB via leptin receptors, which are 
expressed on the luminal face of ECs and function through 
endocytosis. In the CNS, leptin controls the energy balance, 
appetite, and thermogenesis [219]. Leptin receptors can also 

be used as a way to improve drug delivery to the brain. In 
this case, targeting ligands are peptides derived from leptin 
molecules [256]. Leptin analogs, like lep30 were conjugated 
with poly-L-lysine and PEG and further coupled to the nan-
oparticles, which resulted in improved transport efficacy 
through the BBB [257, 258]. In turn, lep70–89 conjugated 
with liposomes showed greater cellular uptake compared to 
unmodified liposomes and were found to bypass the degra-
dation pathway of lysosomes [259].

Integrin Receptors

Integrin receptors are α-β-heterodimeric transmembrane 
receptors that take part in cell– ECM (extracellular matrix) 
and cell–cell adhesion by binding with ECM proteins (e.g. 
fibronectin (FN)) and transmembrane proteins on adjacent 
cells. As presented by Osada et al. β1-integrin-mediated 
adhesion of brain ECs to the ECM is critical for stabilizing 
claudin-5 in BBB tight junctions (TJs) and BBB integrity 
[9, 260]. Heterodimericity of integrin receptors is associ-
ated with variability in affinity for the respective ligands. 
It is possible for a single receptor to bind to more than one 
ligand, but it is also possible that several integrin recep-
tors interact with the same ligand. Integrin receptors can be 
targeted using synthetic tri-peptide RGD, which consists of 
Arg-Gly-Asp [261]. This ligand has been conjugated to the 
nanodiamonds modified with fluorescent markers and was 
found to be effectively transported across the BBB facilitated 
by the integrin αvβ3 receptors present on glioblastoma cells 
[262]. RGD was also used in nanochain delivery systems for 
targeted delivery of doxorubicin [263].

Other Molecular Targets for RMT

RMT of drug molecules is not only limited to the above-
mentioned receptors. The last decade has brought many 
examples of using other receptors localized on the ECs of 
BBB for targeted drug delivery. These include diphtheria-
toxin receptor (DtR), nicotinic-acetylcholine receptors, 
scavenger receptors or interleukin receptors. For instance, 
CRM197, a non-toxic mutant form of diphtheria toxin, 
was reported to undergo transcytosis, and influence the 
PI3K/Akt signaling pathway affecting endocytosis [219]. 
PLGA nanoparticles loaded with CRM197 were shown to 
improve cellular accumulation. Tosi et al. reported that 
zidovudine was transported effectively across the BBB 
with the use of CRM197 that was coupled with PBCA 
nanoparticles [259]. Another example might be RVG29, 
a peptide targeting nicotinic-acetylcholine receptors, that 
was found to show higher brain transport when conjugated 
with nanoparticles [264]. One of the major drawbacks 
of the RMT system is its moderate transport capacity. 
Therefore, scientists are still working on new BBB RMT 
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targets that may have better BBB specificity. FC6, a single 
domain llama antibody (sdAb), can endocytose into human 
cerebrovascular ECs [265]. Subsequent in-depth studies 
reported that FC5 internalization was likely a receptor-
mediated process occurring through a cell surface α(2,3)-
sialoglycoprotein. These results suggest the potential of 
CF5 to cross the BBB [266].

In summary, the above examples of the use of receptors 
located on ECs cells in the BBB indicate the potential use 
of RMT in the targeted transport of drugs to the CNS. One 
significant drawback of the aforementioned RMT systems is 
their fairly ubiquitous expression contributing to peripheral 
organ uptake. In addition, the transport capacity of RMT 
is moderate, which leads to relatively low levels of brain 
uptake. We still find many inaccuracies and unresolved 
issues in RMT research. For instance, some authors report 
that TfR antibodies cross the BBB, while others state that 
the same antibodies remain confined in the capillary wall 
[232, 241]. Recent, more advanced studies using the latest 
antibody technology point out that the RMT route could 
be feasible [112, 267, 268]. Another important issue about 
RMT is the safety profile of these innovative constructs. It 
has been found that the administration of anti-TfR antibodies 
may induce severe side effects. For instance, anti-TfR anti-
bodies were found to target not only TfRs on the surface of 
ECs but also on circulating reticulocytes, which contributed 
to reticulocyte destruction and hemolysis [230]. Some of 
the unfavorable safety results make it impossible to conduct 
clinical trials and force the researchers to look for new tar-
gets on the BBB for drug transport [269].

An important aspect to take into consideration when 
designing a drug delivery system like RMT is the fact of 
disrupted integrity of the BBB in the course of neurode-
generative diseases. Losing BBB integrity leads to leakage 
of administered probes in the areas of disease (e.g., neuro-
inflammation), which finally contributes to the diffusion of 
these molecules in the brain extracellular space [270]. As an 
example, liposomes conjugated with ApoE and β-amyloid 
peptides were effective in the treatment of animals suffering 
from induced multiple sclerosis, and experimental autoim-
mune encephalomyelitis (EAE) [271, 272]. Another vital 
issue about the disease-induced changes to the BBB integ-
rity is the potential effect of this disease on the expression 
of receptors present on ECs [221].

In conclusion, although the RMT system has been stud-
ied for approximately 30 years, there is still much to be 
explained regarding the possible mechanism of transcytosis 
and reaching the brain parenchyma by delivered drugs. Some 
studies highlight the superiority of RMT as a drug delivery 
route over other strategies and some underscore its low rel-
evance. However, one must agree that significant progress in 
this area is yet to come, and the results of these studies are 
expected with great anticipation.

Conclusions

The knowledge of the physiology and function of the BBB 
has broadened substantially in the past two decades. Actu-
ally, the BBB is regarded as not just a cellular wall, but a 
firmly organized and coordinated regulatory interface par-
ticipating in numerous activities, including transport, secre-
tion, and enzyme release.

As indicated in the literature review above, the effective 
transport across the BBB and subsequent reaching the brain 
parenchyma still remains difficult for scientists, as shown 
by the defined treatment strategies and unsatisfactory out-
comes of subjects suffering from CNS disorders. Therefore, 
the future efforts of scientists should not be focused only on 
the development of novel formulations but also on getting to 
know the molecular details and determining the role, expres-
sion, and signaling of transporters localized in BBB. Using 
physiological pathways to deliver therapeutics via protein-
facilitated routes or drug-antibody conjugates for RMT will 
allow crossing BBB of a wide range of pharmaceuticals. For 
instance, ANG1005 (known also as GRN1005) has been rec-
ognized as safe for patients with brain metastases or glioma 
in clinical phase I/II studies [273]. Another promising strat-
egy for drug delivery to the CNS is nanocarrier systems. 
Because of their high drug loading capacity and the pos-
sibility of modifying their surface with different chemical 
groups, it is possible to use these nanostructures as delivery 
agents of hydrophilic pharmaceuticals, enzymes, peptides, 
or genetic material. Using the latest achievements of nano-
technology may help in the repurposing of many CNS-active 
compounds that could not meet the pharmacokinetic require-
ments for drug molecules.

In summary, given the tremendous progress that has 
been made over the past few years, we firmly believe that 
the combined efforts of multidisciplinary teams integrating 
medicinal chemists, molecular modelers, molecular biolo-
gists, and pharmaceutical scientists will ultimately lead to 
the development of effective strategies to deliver active mol-
ecules to the CNS.
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