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ABSTRACT: Gliomas constitute 80% of malignant brain tumors. The survival rate of
patients diagnosed with malignant gliomas is only 34.4%, as seen in both adults as well
as children. The biggest challenge in treatment of gliomas is the impenetrable blood−
brain barrier. With the availability of only a very few choices of chemotherapeutics in
the treatment of gliomas, it is imperative that a novel strategy to effectively deliver
drugs into the brain is researched and applied. The most popular strategy that is
gaining importance is the receptor-mediated uptake of targeted nanoparticles
comprising of ligands specific to the receptors. This review discusses briefly one
such receptor called the transferrin receptor that is highly expressed in the brain and
can be applied effectively for targeted nanoparticle delivery systems in gliomas.

■ INTRODUCTION

Gliomas are tumors that derive from glial cells and are the
most common form of brain cancer. They usually occur in the
cerebral hemispheres, but they can also occur anywhere in the
central nervous system (CNS). Gliomas make up about 30% of
all types of brain and CNS tumors and 80% of all malignant
brain tumors. The average survival rate for those with
malignant brain tumors is only 34.4%.1 They can occur in
both children and adults, and efforts are needed to develop a
highly effective means of treatment to reduce the number of
deaths from gliomas. Even with aggressive chemotherapy and
surgical procedures, gliomas are incurable because the total
resection of the tumor is impossible without damaging the
surrounding healthy cells. Due to the fact that gliomas are
located in the brain, and both complete resection and
chemotherapy are ineffective, novel methods of treatment are
needed to make gliomas curable.
One of the methods that is extensively researched and found

to be promising is targeted brain delivery via receptor-
mediated uptake into the brain across the blood−brain barrier
(BBB). Transferrin (Tf) receptors (TfR) have gained a lot of
popularity in this regard and have been widely explored for
drug delivery into the brain. Tf is a glycoprotein that plays a
central role in iron metabolism, and it is responsible for ferric
ion (Fe3+) delivery (Figure 1). Fe3+ is the form of iron that
binds to Tf (which in turn binds to the Tf receptor and is
generated upon the oxidation of the Fe2+). Tf also removes
toxic iron from the blood and the brain. Tf belongs to the
transferrin family, which includes melano-, ovo-, and serum-Tf,
but for this review, Tf will be explored in general.
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Figure 1. Fe2+ first becomes oxidized by losing an electron and turns
into Fe+3 (ferric iron). Ferric iron will then bind to transferrin, which
subsequently binds to the transferrin receptor. Binding to the TfR
allows for iron to enter the brain through the BBB.2 Adapted with
permission from ref 2. Copyright 2018 Brian Lindshield, Kansas State
University. This is an open access article distributed under the
Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the
original work is properly cited.
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■ TRANSFERRIN RECEPTORS

Tf is highly researched in relation to gliomas and their
treatment because of its ability to cross the BBB. The BBB is a
highly selective semipermeable border of capillary endothelial
cells which allows the movement of only a few select molecules
across it, Tf being one. Transferrin receptors are expressed
extensively at several sites in the body such as RBCs (red blood
cells), endothelial cells in the brain, and also on different types
of cancerous cells.3 In glioma, Tf receptors are known to be
overexpressed on the brain capillary endothelial cells and
tumor cells because of which this receptor system provides a
good avenue for targeted therapy.
There are two transferrin receptors (TfR) known as TfR1

and TfR2.4 TfR1 is a human protein that is encoded by the
TFRC gene. It is required for iron import bound to Tf into
cells by endocytosis as mentioned in Figure 1. It is found
highly expressed in the brain capillary endothelium and
neurons and is overexpressed in gliomas. On the other hand,
TfR2 is encoded by the TFR2 gene and is also involved in the
uptake of Tf-bound iron into cells (expressed to a much lesser
extent in the brain endothelial cells than TfR1).5 Maintaining
homeostasis is important because a low level of the Tf disrupts
the normal liver functioning and high level leads to loss of Tf
from the body. Further, a high Tf level, such as seen in
neurodegenerative disorders like Parkinson’s and Alzheimer’s
diseases, indicates iron deficiency anemia.6 This shows that
dyshomeostasis can occur when Tf levels are disturbed.
Disorders of iron metabolism, especially overexpression of
iron and increased iron acquisition and retention, can induce
tumorigenesis and increase the growth and metastasis of
cancer.
Structure and Composition of Transferrin Receptor.

Tf is 80 kDa glycoprotein that consists of 679 amino acids and
two carbohydrate chains. The structure of Tf comprises two
homologous lobes, dubbed the N-lobe and the C-lobe, which
are connected by a peptide (Figure 2).7 In both of the lobes,
ferric iron is bound very tightly. Both the N-lobe and the C-
lobe can be divided even further into the subdomains N1, N2
and C1, C2, respectively, with a cleft between the two, as
shown in Figure 2. In the cleft, ferric iron is bound to the four
amino acids found in Tf: two tyrosines, one aspartic acid, and
one histidine. The amino acids that bind to the site are similar
for both the N- and C-lobes. In Tf, the peptide between the
two lobes is unstructured, and disulfide bonds are formed in
between N1, N2 and C1, C2.
The N- and C-lobes are composed of α-helices and β-sheets

with an iron binding site between the two lobes. The structure
of Tf allows it to have conformational changes when it takes up
or releases iron. This is possible because of the domains that
rotate around the axis.7 Also because of its ability to reversibly
bind Fe3+, Tf can exist without iron as apotransferrin (apo-Tf)
or with iron as holo-Tf. The iron free protein, apo-Tf, is a
single chain glycoprotein that has a high affinity for ferric iron.
Holo-Tf is also a single chain protein that also has a high
affinity for Fe3+.8

TfR1 is composed of two disulfide-linked monomers joined
by two disulfide bonds. Each one monomer binds to one holo-
Tf. This creates an iron Tf-TfR complex, which enters the cell
by endocytosis. Both TfR1 and TfR2 are both type II
membrane proteins that function with two disulfide bonds and
share 66% homology. Both receptors bind Tf, and many of the
amino acids involved in the binding of TfR1 to Tf are

conserved in TfR2.9 TfR1 binds holo-Tf, and it is responsible
for the endocytosis of holo-Tf. TfR2 is also capable of iron
uptake, but its ability to bind to Tf is not as strong as that with
TfR1 (25 times less than that of TfR1).10 Their different
binding abilities to Tf would suggest different functions (but
this will not be discussed in detail because it is beyond the
scope of this review).

Function of Transferrin Receptor. The main function of
Tf is to transport iron in the body and, for the purpose of this
review, to transport iron into the brain. Tf is the major source
of iron delivery to the brain, and it delivers iron to cells by
binding to the TfR on the cell surface. Both TfR1 and TfR2
bind Tf for transport into cells. As previously mentioned, TfR1
has a higher affinity for Tf. Additionally, TfR1 is highly
expressed in almost all cells, whereas TfR2 is only expressed in
a few cells, such as liver and erythroid cells.10 Although TfR1 is
the major iron binding pathway to acquire iron for most cells,
several studies have indicated that the uptake of iron changes
depending on the cell type.11 If the TfRs are dysfunctional, the
iron transport is affected throughout the body because TfR can
no longer bind Tf and transport iron into cells. This will cause
iron deficiency in the body and lead to anemia. A low
expression of the Tf receptor results in a poor production of Tf
or an excessive loss of it through urine. This will cause the iron
in the blood to decrease. However, if there is increased iron
acquisition and retention, this can induce tumorigenesis and
increase the growth of cancer.6

Mechanism of Action. Tf receptors are found on neurons,
glial cells, and endothelial cells.12 Both TfR1 and TfR2 (to
some extent) are found in the normal brain cells such as
neurons and capillary endothelial cells and are overexpressed in
brain cancers such as gliomas. However, this review discusses
more about TfR1 due to the relevance to gliomas. TfR1 are
usually found on endothelial cells from glioblastomas and on
the BBB.4 TfRs that are found in the brain have the ability to
cross the BBB, which is a selectively permeable border. Tf

Figure 2. Structure of TfR: Transferrin is made up of α-helices and β-
sheets. There are N- and C-lobes, with them both being divided
further into N1, N2 and C1, C2 respectively.7 Reprinted with
permission from ref 7. Copyright 2013 Sujata Sharma et al. This is an
open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is
properly cited.
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crosses the BBB through the transcytosis processes via brain
capillary endothelial cells.4 Transcytosis is a type of trans-
cellular transport wherein the TfR is captured by the vesicles
on one side of the cell, taken across the cell, and then released
on the other side. Transcytosis is an active process and has
been found to be pH- and temperature-dependent. To enter
the brain, iron is transported by Tf, which is attached to the
TfR (Figure 3).

■ TRANSFERRIN RECEPTORS IN GLIOMAS
Transferrin receptors are highly overexpressed on the surface
of brain capillary endothelial cells and tumor cells in brain
cancer including gliomas. TfR1 in gliomas increases iron
accumulation and promotes tumor progression by two
mechanisms: an increase in the proliferation rate and glutamate
production.14 TfR2 is also highly expressed in glioblastomas
(GBM). The overexpression of TfR2 increases the cell
proliferation rate in GBM. Overall, the overexpression of the
TfR on gliomas worsens the prognosis for gliomas and GBM.
The fact that the TfRs are overexpressed in brain cancers can
be used to the advantage of designing targeted therapies for
brain cancers including gliomas.

■ NANOPARTICLES TARGETING TRANSFERRIN
RECEPTORS

Chemotherapy, radiotherapy, and resection of the glioma do
prolong life; however, once diagnosed, there is still a poor
prognosis and a limited survival. As mentioned before, Tf is
found on brain capillary endothelial cells and gliomas, and it

has the ability to cross the BBB. Therefore, targeting the
transferrin receptor system provides an avenue for the entry of
drug molecules and nanoparticles (NPs) into the brain.14

Transferrin-conjugated nanoparticles can enter the brain
through the BBB, which many other forms of treatment
cannot do. Thus, NPs are very useful because of their specific
advantageous features, which include high drug loading,
prolonged blood circulation time, enhanced stability, and
better targeting ability. The NPs are also made ultrasmall so
that they are able to move in the body easily. Different drugs
are encapsulated in NPs, which will then allow them to target
the glioma and allow the drug to be released at the site of the
cancer. Some common drugs encapsulated in NPs to treat
gliomas are doxorubicin (DOX) and paclitaxel (PTX). The NP
delivery system should be able to bind to specific tissues and
deliver its drug load, while making sure to avoid drug-induced
damage to healthy tissues. Each NP can be made out of
different material: metallic, polymeric, liposomes, and carbon-
based NPs are all common types that are used for targeted
drug delivery. These targeted delivery systems are discussed in
the following sections.

Metallic Nanoparticles. Metal NPs are made up of pure
metals (silver, gold, zinc, iron, and platinum) or their metal
compounds (oxides, phosphates, fluorides, and chlorides).
They are used for their stability, size, and ability to be easily
conjugated with antibodies, ligands, and drugs. However, there
are risks to using metallic NPs as they interfere with
homeostasis by affecting bodily functions and forming salts
in the body. Silver NPs (AgNPs) are one type of metallic NPs
used. They are utilized for their high electrical conductivity,
low sintering temperatures, and stability. Along with being
used for targeted therapy, they are also used in diagnostics. Liu
et al. conducted a study in which the goal was to evaluate and
compare the radio sensitizing efficacies of gold NPs (AuNPs)
and AgNPs on gliomas. It was found that the AgNPs showed
radio sensitizing ability more powerful than that of the AuNPs
at the same concentrations and mass. The AgNPs also lead to a
higher rate of apoptosis. This shows that AgNPs can be used in
therapy.15 In a different study, Liang et al. investigated the
effect of AgNPs and the effect when AgNPs was used with
Temozolomide (TMZ) on human glioma U251 cells. The
AgNPs showed dose-dependent cytotoxicity on U251 cells and
showed the ability of TMZ to increase the drug sensitivity on
U251 cells. This study concluded that AgNPs could have a
potential application in treating gliomas.16 Another metallic
NP used for targeted therapy are iron-oxide NPs. They have
attracted interest due to their biocompatibility, nontoxicity,
and superparamagnetic properties. Xu et al. conducted a study
in which DOX-loaded multifunctional superparamagnetic iron
oxide nanoparticles (DOX-SPIONs) were designed in order to
watch the cellular uptake of DOX-SPIONs by C6 rat glioma
cells. The cellular uptake of DOX-SPIONs by C6 cells under a
magnetic field was greatly enhanced over the uptake of free
DOX. This resulted in stronger in vitro cytotoxicity. Once the
safety of the DOX-SPIONs was also verified, it was concluded
that multifunctional SPIONs could be used as potential
carriers for theranostic treatment.17

While many other metallic NPs, such as platinum and zinc,
are used in targeted therapy, usually gold NPs are utilized in
relation to gliomas and the TfR. Gold NPs are highly efficient
because of their low cytotoxicity, tunable size and shape, and
stable attachment of ligands and molecules. They are also very
biocompatible and have been used as drug carriers in various

Figure 3. Tf crosses the BBB through transcytosis, a form of
endocytosis. Fe+2 (free iron) is exported from the macrophage
through ferroportin (FPN) and binds to Tf, which then binds to the
TfR on the BBB. The TfR receptor then delivers iron to the brain, and
the amount of iron in the brain increases.13 Reprinted with permission
from ref 13. Copyright 2018 Chiou et al. This is an open access article
distributed under the terms of the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduc-
tion in any medium, provided the original author and source are
credited.
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diseases.18 Gold NPs also have a high surface area to volume
ratio which allows a high drug loading capacity and drug
stability. These NPs can also control the release of the drug
with internal or external stimuli.19 In addition, these NPs target
cancer biomarkers that are overexpressed, which in glioblas-
tomas are the Tf receptors. Dixit et al. used targeted gold NPs
(AuNPs) to the brain, which were a very useful drug delivery
system due to the selectivity of the NPs to target the tumor.
The NPs were targeted toward Tf receptors and were loaded
with the photodynamic pro-drug, Pc 4. Tf-conjugated AuNPs
delivered the drug which continued to accumulate over a 4 h
period. This along with the information that AuNPs were
successful in only attacking the glioma cells without also
affecting the healthy tissue suggests that TfR-targeted AuNPs
may have important therapeutic implications for targeted
therapy in gliomas.
Polymeric Nanoparticles. Polymeric NPs have immense

potential as drug carriers as they are stable, easily prepared, and
easily conjugated with other molecules or drugs. There are
different loading approaches for polymeric NPs, and they
include loading in polymeric micelles, nanospheres, and
n a n o c a p s u l e s . P o l yme r i c NP s i n c l u d e p o l y -
(butylcyanoacrylate), (polylactic-co-glycolic acid) (PLGA),
and polylactic acid (PLA) NPs. PLGA NPs are one of the
most useful biodegradable molecules because the hydrolysis of
the NP leads to lactic and glycolic acid. PLGA NPs are also
approved by the Food and Drug Administration (FDA), which
allows them to be used in pharmaceutical applications for
humans. Surface modulation is possible with PLGA NPs, and
therefore, this allows for the coating of NPs with polymers to
enhance the penetrating performance of PLGA NPs. This also
increases the circulating time of the NPs in the blood for better
penetration of the BBB.
A study done by Jose et al. concluded that the anticancer

activity of the Tf-conjugated PLGA NPs loaded with docetaxel
is very promising because of their ability to arrest cancer
activity at the G2/M phase of mitosis.20 In a different study
done by Cui et al., Tf-conjugated PLGA NPs were loaded with
doxorubicin and paclitaxel for glioma treatment.21 In this
study, the NPs were effectively prepared and delivered, and the
delivery was made even more effective with the presence of a
magnetic barrier, and more importantly, with the use of Tf as
the targeting ligand. The NPs showed great tumor growth
inhibition, and the use of Tf as the targeting ligand was
extremely useful. Overall, PLGA NPs are great to use in
relation to Tf receptors. In another study done by Cui et al.,
Tf-targeted magnetic (MNP) PLGA NPs were loaded with
PTX and were evaluated in U-87 glioma cells in vitro. In the
study, it was discovered that, compared to unmodified NPs or
free PTX, Tf-conjugated PTX-MNP-PLGA NPs had the
greatest antiproliferation and the greatest cellular uptake
efficiency in U-87 cells. The study concluded that Tf-
conjugated PTX-MNP-PLGA NPs can be used to treat
gliomas.22

Another type of polymeric NP used besides PLGA NPs
includes PLA NPs. In a study done by Sun et al., Tf-conjugated
polyethylene glycol (PEG)-PLA nanoparticles were prepared.
C6 rat glioma cell lines were observed, and it was proven
through fluorescence microscopy that PEG-PLA NPs could
enter into the tumor in vivo. In the study, it was discovered
that PEG-PLA NPs have the ability to target the glioma tumor
both in vitro and in vivo. This strongly suggests that the bio-
PEG-PLA NPs can be used in targeted therapy in relation to

gliomas.23 Guo et al. examined the effects of Tf-modified PEG-
PLA NPs conjugated with resveratrol (Tf-PEG-PLA-RSV) in
vitro and in vivo in relation to glioma therapy on C6 and U87
glioma cells. The cytotoxicity of PEG-PLA-RSV in C6 and U87
cells was much higher than that of free RSV, and the Tf-PEG-
PLA-RSV enhanced the cytotoxicity of the polymer conjugates.
The use of Tf-PEG-PLA-RSV NPs increased the lifespan of the
C6 glioma-bearing rats. This suggests that these NPs have a
potential of targeted therapy to gliomas.24 Overall, polymeric
NPs have great potential as drug carriers for targeted therapy.

Liposome Nanoparticles. Liposomes (LPs) can have one
or multiple lipid bilayers and are often composed of
phospholipids. They have been utilized recently due to their
excellent biocompatibility, biodegradability, and low toxicity.
LPs represent a versatile system for drug delivery in cancer
therapy, and as of now, several drug-loaded LPs have been
approved by the FDA for cancer therapy (Figure 4). In
addition, receptor-targeted LPs have been developed to reduce
side effects and to enhance antitumor efficiency.

In a study done by Lam et al., Tf LPs were found to
accumulate in the endothelial walls of the brain microvessels,
diffuse across the BBB, and aggregate in the surrounding brain
milieu. This shows that NPs functionalized with Tf can offer a
promising treatment for glioma patients. The NPs were loaded
with TMZ, and there was an increased efficiency of drug
delivery to the tumor site. The Tf-conjugated NPs reduced
tumor size, signals, and growth. In addition, the mice that were
treated with drug-loaded Tf-liposome nanoparticles had brain
tumors that showed increased markers for DNA damage and
apoptosis. Functionalizing the liposomes with Tf also proved
to be safe for the body. All of the above attributes pave the
path for Tf-liposomes to be a prospective treatment option in
the future for treating glioma patients.26 In a study done by
Jhanvi et al., Tf-PEG-PLA NPs were used. The drug
encapsulated was Resveratrol (RES). Liposomal encapsulation
was used to protect it in circulation and improve stability. As it
was concluded that RES-liposomes developed in this project
were robust, versatile, and scalable, additional studies must be
conducted to learn more about the RES-liposomes. However,
as RES is effective against many cancers and Tf is

Figure 4. Illustration of the liposome-based drug delivery system.25

Reprinted from ref 25. Copyright 2019 Hossen et al. This is an open
access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original author and source
are credited].
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overexpressed on glioma cancer cells, Tf-targeted RES-loaded
liposomes may prove to be an effective nanotherapy after
additional studies are completed.27 In a different study done by
Qin et al., arginine-glycine-aspartic acid (RGD) and Tf were
used as the targeted ligands, and C6 rat glioma cell lines were
studied. LPs were used to conjugate RGD and TFs to establish
the brain glioma delivery system (RGD-TF-LP), which was
loaded with PTX. The PTX-RGD/TF-LP achieved the lowest
cell viability and the greatest cellular uptake when compared to
that of the other delivery systems studied. This shows that the
LPs had a beneficial effect, and although further studies
regarding this delivery system are required, the system is a
promising one.28 Zheng et al. examined a brain drug delivery
system based on Tf and cell-penetrating peptide dual-
functioned liposome, Tf/TAT-LP. Tf/TAT-LP was made
and loaded with DOX. It was found that the Tf/TAT-LP-DOX
presented great antiproliferative activity against U87 glioma
cells, and therefore, it is a promising brain drug delivery
system.29 In another study done by Lv et al., a cisplatin (Cis)-
LP was modified with transferrin (Tf) to study the character-
istics of potential sequential targeting to gliomas. They
discovered that the Tf modified Cis-LPs had a high transport
efficiency across the BBB and a high cytotoxicity in C6 cells. It
was concluded that Tf-modified Cis-LPs exhibited a higher
cytotoxicity to glioma cells in vitro and a more potent
sequential target in contrast to cisplatin solution and cisplatin
liposome. This highlights the ability of the Tf-modified Cis-
LPs to cross the BBB and target glioma cells and proves that
they could be a future targeted delivery system.30

Carbon-Based Nanoparticles. Among the carbon-based
nanoparticles, diamond- and graphite-based nanoparticles are
widely researched because they present easily accessible
surfaces for modifications. However, their toxicological profile
in biological systems is yet to be fully understood.31 Studies
performed by Strojny et al.31 and Zakrzewska et al.32 showed
that these nanoparticles are safe and have excellent cytotoxic
effects in glioblastoma, respectively. This phenomenon was
observed both in diamond- and graphite-based nanoparticles.32

However, it is important to note that these studies do not
completely address the reality of carbon-based nanoparticles as
they interact with transferrin. According to Pardo et al., carbon
nanotubes with transferrin on its surface have been found to
contribute to oxidative damage, which leads to cell death or
possible tumor formation/progression. Moving forward, it is
important for those interested in using carbon-based NPs in
conjunction with transferrin receptors and transferrin ligands
alike to determine whether or not their prospective
effectiveness outweighs potential harm.
Ceramic Nanoparticles. Ceramic nanoparticles are now

being explored recently due to their characteristic properties
such as high resistance to heat and chemicals. Ceramic
nanoparticles are stable and porous and can be made from a
range of starting materials such oxides, carbonates, carbides,
and phosphates of metals. The porous nature is favorable to
high payload capacities. However, they posses a disadvantage
of slow degradation and clearance from the body. There is still
a long way for these nanoparticles to become fully useful as
theranostic purposes.33

Antibody-Conjugated Nanoparticles. Targeted anti-
bodies that bind to TfR are the most recent and sought-after
therapeutic agents that are being explored now for the
treatment of gliomas. The major advantage of antibody-
conjugated nanoparticles is higher accumulation due to better

targeting and higher binding affinity to the receptor. Several of
these antibodies have been reported to be effective preclini-
cally. Some of the examples of such antibodies are OX26 and
its variants like 8D3 and RI7217.34 Several types of
nanoparticles such as metallic nanoparticles,35 liposomes,36

polymeric nanoparticles37 have been applied to carry the
antibodies for more successful delivery of drug payload for
gliomas. Much progress is being made to make the antibody-
conjugated nanoparticles efficient. Some of them have reached
clinical trials without much success (NCT00083447),12 but
clearly there is much to achieve with many studies reporting
unsuccessful deliveries.

■ CONCLUSION
Gliomas are deadly, and the majority of people who are
diagnosed with it will not survive. However, there are possible
treatments that include Tf and its receptor. The overexpression
of Tf receptors in brain tumors facilitates more Tf to cross the
BBB through endocytosis as the tumor needs more iron to
compensate for their rapid growth. Also, transcytosis,
endocytosis, and paracellular transport contribute to iron
homeostasis of the brain. In this function combined with the
overexpression of Tf receptors on human glioma cell lines, Tf-
conjugated NPs (of any material) targeting the TfR on brain
endothelial cells are a possible avenue of therapy to treat
gliomas. The NPs will be able to enter the brain through the
BBB and help to decrease the area of the glioma as well as
decrease cell proliferation. In the future, more studies should
be done to discover whether Tf-conjugated NPs can
completely attack and destroy gliomas. Once studies are
done in vivo, the next step would be clinical trials. Tf-
conjugated NPs are able to effectively reach and destroy the
glioma by targeting the TfR, and if they prove to be successful
in the clinical trials in the future, many lives could be saved. As
of now, a diagnosis of glioma means almost certain death, and
Tf-conjugated NPs targeting TfR on gliomas being part of
clinical trials will allow for advancements in the treatment of
gliomas.
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