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Abstract

Malignant brain tumor at its fourth stage (glioblastoma) is the most dangerous 
and an unsolved medical challenge till today. Present therapeutic strategies includ-
ing chemo treatment, radiation along with surgery all together have not succeeded 
to control the progression of glioblastoma. Challenges in the early detection, 
unavailability of specific therapeutic strategy and severe cytotoxicity of available 
chemotherapeutics are the some of the prime causes of treatment failure. Especially 
presence of blood-brain barrier (BBB) highly limits pharmacological effect of conven-
tional chemotherapy. In lieu of this, lipid based nanodrug carriers (LNCs) have now 
been evolved with great potential in improving the drug efficacy for the treatment of 
glioma. Further, LNCs engineered with specific targeting ligand might significantly 
reduce the dosage regimen, increase specificity, improve bioavailability and reduce 
off-target distribution. Such modified LNCs possess sufficient ability to cross BBB 
to deliver the loaded cargo(s) at target location inside the brain; thereby ensuring 
improved treatment outcome with less side effects than conventional treatment. This 
review primarily focuses on recent advancements in various engineered LNCs for the 
treatment of brain cancer. Also, the existing impediments for nanomedicines associ-
ated with their effective large scale synthesis or sufficient clinical application have 
also been highlighted.
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1. Introduction

Brain tumor at its malignant stage is the toughest challenge to treat. Glioma is the 
commonest form of malignant brain tumors and silently progresses to its fourth and 
most aggressive stage; called gliobalstoma. In fact, modern medical science in spite of 
cutting age technological advancements is yet to find specific answers for advanced 
malignant brain tumor.
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An uncontrolled growth of cells beyond the cellular regulation inside the brain 
environment eventually leads to benign and/or malignant cancers [1]. The most 
common site for the development of tumor inside the brain is glial cells. Further, 
tumors as per their growth and location inside the brain are further classified from 
grade I (low grade) to grade IV (highly metastatic) type tumors [2]. Grade I stage of 
tumor (mostly goes unnoticed) can progress to the malignant stage more often and 
throws a tough challenge for treatment. Also, secondary metastatic brain tumors 
can be developed in adults from primary lungs/breast cancer [3]. Among the vari-
ous grades of brain tumor, grade IV glioma, also called glioblastoma multiforme has 
been recognized as the severest and highly metastatic type brain tumor [4]. A vast 
majority of patients across the globe diagnoses with de novo or primary glioblastoma 
in recent years. Progression of brain tumors are often associated with typical increase 
in intracranial pressure, altered consciousness, occasional seizures along with severe 
headaches, vomiting, fever, gastric disturbances etc. [5]. However, these problems 
are highly variable from patient to patient and thus cannot be generalized prognosis 
parameters. Thus, primary stage of glioma often goes unnoticed. Aetiological causes 
related to the development of brain cancer are yet to be unravelled, which further 
makes the treatment extremely challenging. Classical subtype of glioma is assumed 
to be associated with amplification of chromosome 7 along with loss of chromosome 
10. Coupled with these, over-expression of epidermal growth factor (EGFR) recep-
tor and mutations are other proposed aetiologies of glioblastoma [6]. Mesenchymal 
glioblastoma has been shown to maintain a higher expression of CH13L1, MET, and 
genes associated with tumour necrosis factor, nuclear factor-κB, along with deletions 
of NF1. Mutations in IDH1, TP53 and modification of platelet-derived growth factor 
receptor A are also associated with secondary glioblastoma or lower-grade gliomas 
[7]. Though, neural glioblastomas at initial diagnosis shows similar characteristics 
to normal brain tissue; however, there is overexpression EGFR to several folds than 
normal.

At present, glioblastoma has been identified as the most complex, metastatic and 
treatment-resistant type of cancers with alarming prevalence around the globe. In 
2020, more than 13,000 Americans have been diagnosed with GBM, which accounts 
for more than 48 percent of all malignant brain tumor cases [8]. Till now, average 
length of survival for patients with glioblastoma has been estimated to be only 1 to 
1.5 years while the five-year survival rate has been roughly estimated as 6–7% only 
[9]. Over the past decade, mortality and survival rate of glioblastoma patients has not 
been improved as such in the developed nations. Even, uncontrollable prevalence of 
the disease is being witnessed in developing and under-developed countries. India has 
now become the new epi-centre for all cancer related deaths in recent years among 
which glioblastoma-related death cases occupies second lead position after breast 
cancer.

Along with extremely poor prognosis associated with glioblastoma, there is too 
serious dearth of promising therapeutic options. Much of the available treatment 
strategies alone or in combinations have been failed measurably over the past years 
to meet the treatment expectations. Usually, combination of various strategies like 
surgery, radiation, chemotherapy, non-chemodrug therapy etc. are employed to 
control the progression of tumor cells to other parts of the brain or to be metastatic 
[10, 11]. Surgery followed by radiation therapy is applied as the first line of treat-
ment in the initial phases of glioma. Surgery is employed to remove maximum 
possible mass of tumor tissue from the brain, while radiation therapy is employed 
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to circumvent tumor mass via precise, focused high energy beams [12]. However, in 
many cases, effective application of surgery and radiation are extremely constrained 
as majority of brain tumors are usually detected at the advanced stages, i.e., at stage 
III or at stage IV. Additionally, highly sensitive nature of brain tissue and presence of 
delicate nervous network across the brain hemispheres with all major control systems 
of perception, mood, behaviour, cognition etc. further limits surgical procedures and 
effective radiation therapy [13, 14]. Hence, chemotherapy remains as the inevitable 
option to check the progression of tumor cells through cytotoxic anticancer drugs. 
Non-chemotherapeutic drugs are also used during treatment period to control tumor-
associated headache/pain and epileptic seizures [15]. However, conventional chemo-
drug treatment faces the usual problem just likes other conventional dosage forms 
such as failure to discriminate in between cancerous tissue and normal healthy tissue 
or lack of targetability. As a result, off-target biodistribution of cytotoxic anticancer 
drugs across all vital organs inside the body occurs, which in turn aggravates a wide 
range of adverse drug effects including alopecia, gastric disturbances, bone marrow 
depression, heart problems, kidney damage, immunity suppression and many other 
associated complications in cancer patients [16]. It has now been an accepted fact that 
the presently available clinical options all together have neither succeeded in extend-
ing cancer patient lives just beyond a few extra months nor been able to improve their 
quality of life after chemo-treatment cycles. In a nutshell, extremely poor prognosis, 
highly sensitive micro-environment of brain coupled with failure of conventional 
treatment options has made glioblastoma as a life-threatening disease. At present, it 
is too one of the most expensive cancers to treat, often leaving patients and families 
with major financial hardship during the treatments and in turn deteriorates socio-
economic burden of the society as well [17]. In the lieu of which, advanced treatment 
options are being investigated heavily over the past years to improve the treatment 
outcomes and simultaneously to minimize the dose-related toxic effects on the body.

Moving from the initial treatment options like surgery and radiation, which have 
their inherent limitations; anti-cancer drug therapy through modified nanocarriers 
with improved targeting features is being explored as alternative option to improve 
overall treatment outcomes in cancer patients. In view of the presence of BBB as the 
major obstacle in brain-drug targeting, especially, lipid based nanocarrier based 
delivery systems have been recognized as hopeful options in glioblastoma owing to 
their highly lipophilic, ultra-small size, tuneable surface features. The cytotoxic anti-
cancer drugs can be loaded into such nanocarrier vehicles and thus can be effectively 
surpass the BBB to get into the brain. Additionally, such carriers are now being 
manipulated at their surface with specific targeting ligands like antibodies, aptamers, 
small molecules, peptides etc. to enhance their targetability and reduce off-target 
distribution [18]. These engineered LNCs have been emerged as the prime research 
area in nanomedicine mediated brain cancer therapy now-a-days.

LNCs have the capability to bypass the BBB without disrupting its normal func-
tionalization [19, 20]. Furthermore, LNCs in lieu of their architectural uniqueness 
provide requisite criteria of lipophilicity and sustained release of drug from their 
core/matrix. Attachment of tumor-specific ligands further makes them more spe-
cific and helps to mitigate peripheral toxicities [21]. After crossing the BBB, LNCs 
are endocytosed by endothelial cells and release the drug inside the cell [22]. There 
is too a growing interest to improve the in vivo performance of nanocarriers via 
conjugating them with thiolated and preactivated polymers to efficiently inhibit the 
P-glycoprotein (P-gp) efflux at brain luminal side [22, 23]. Glioblastoma possesses 
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a leaky vasculature, and thus may be amenable to LNC-based drug delivery systems 
that lead to enhanced drug deposition while limiting systemic drug exposure. Various 
types of LNCs have been investigated over the last decade to enhance therapeutic 
efficacy of anticancer drugs for the treatment of advanced stage glioma. In the 
present topic, we want to cover recent advancements in LNCs based drug targeting 
strategies for glioma. Specifically, we will restrict our discussion mostly on nanolipo-
somal vesicles and solid-lipid nanocarriers, which have been reported over the recent 
years for glioma/glioblastoma treatment. Side by side, some lights have been thrown 
on the challenges faced by such targeted LNCs for their successful clinical translation, 
regulatory hurdles along with scale-up issues for industrial production.

2.  Blood-brain barrier: the prime culprit against effective drug therapy in 
glioblastoma

Brain, the controlling system of the whole body is undoubtedly the most complex, 
mysterious structure, which controls a multitude of crucial functions of the body 
including cognition, information processing, homeostasis, perception, motor control, 
mood, as well as learning and behaviour [24]. Such important functions are mediated 
by uncountable nervous networks which are present across the cerebellum. BBB is the 
main check-gate, which actively protects brain neural tissues from the influx of toxins 
and other compounds, including therapeutic molecules [25]. In fact, presence of BBB 
strictly restricts the success of chemotherapy as majority of anticancer drugs fails 
to permeate sufficiently across BBB, thus results in a sub-therapeutic concentration 
associated with low clinical outcome.

BBB is characterized by the presence of tight intercellular junctions along with 
lack of fenestrations. Main components of BBB are tightly placed brain endothelial 
cells, basal membranes, pericytes embedded in the basal membrane, along with astro-
cytic end feet [25]. All these structures are so uniquely placed close to each other that 
they collectively form a strong barrier on the way of every component having higher 
molecular weight or large size to pass from blood to brain. Only essential components 
like glucose and essential amino acids can get access inside the brain. Exogenous 
compounds including drugs having nano-size range or lipophilic property may cross 
the BBB by passive diffusion. Alternatively, some therapeutics can also cross the BBB 
through carrier-mediated active transport. Along with the strong barrier system 
like BBB, the efflux transporter systems present at the luminal side of brain also 
play crucial role in preventing therapeutic molecules to attain their pharmacological 
concentration [25, 26].

Similarly, in terms of molecule permeability, it has been found that molecules 
larger than 400 Da are very unlikely to cross the BBB (especially if highly water 
soluble) unless a suitable specific transporter is present. However, as mentioned 
earlier, highly lipophilic molecules tend to have better permeability than neutral or 
hydrophilic molecules owing to the high lipophilicity of the BBB. Temozolomide is 
an example of the poorly water-soluble drug with a molecular weight of 194.154 g/
mol, which can readily cross the BBB. Similarly drugs like carmustine, lomustine etc. 
also have reasonable BBB permeation ability owing to their molecular cut-off range 
and lipophilic nature and have already been recommended for glioma therapy. These, 
along with few other drugs viz. capecitabine, paclitaxel etc. are presently some of the 
widely used chemotherapy drugs recommended in glioblastoma [27]. However, many 
lipophilic drugs in their native form/conventional formulation too fail to achieve 
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required therapeutic concentration at the brain tissue owing to their molecular size, in 
vivo stability issue, low half-life or affected by efflux transporter systems across BBB. 
Drugs bound to plasma proteins are also unavailable for crossing the BBB, since most 
of the proteins require specific transporters for BBB permeation. This phenomenon 
was demonstrated using Evans blue (an albumin-binding dye), which is completely 
unable to permeate across the intact BBB [28].

Dose-related adverse reactions are also obvious phenomena with conventional 
drugs, which further limit their chemo treatment cycle [29, 30]. Hence, it must be 
taken into account that merely a high degree of lipophilicity or delivery in conven-
tional dosage forms does not either guarantee sufficient availability of drug inside the 
brain nor ensures its decreased off-target distribution throughout the healthy tissues.

In this context, there always felt an age-old need for an ideal delivery system that 
has to transport a drug with high efficiency to target brain cells, with minimal healthy 
tissue toxicity or off-target distribution. To achieve this, delivery of drugs/chemo-
therapeutics through the LNC based platforms has been attempted over the past few 
years by the pharma researchers and formulation scientists across the globe.

2.1 Lipid based nanocarriers: effective drug targeting platforms to brain

LCNs have been heavily investigated in recent years to improve the drug delivery at 
brain tissues owing to their lipophilic nature and ultra-small size. The key features of 
LNCs primarily involve their desirable size range, surface properties, and also ease of 
surface manipulation with targeting ligands [31]. The development of a broad range 
of LCNs with varying size, composition, and functionality has provided a significant 
resource for nanomedicine based glioblastoma therapy.

However, requirements for LCNs fabrication for effective glioma therapy also 
depend on tumor characteristics, its location and complicacy. Although LCNs avoid 
renal clearance preferably within the range of 10–50 nm, but they tend to accumulate 
heavily in the reticulo-endothelial system (RES), which is also another major setback 
for their sufficient brain bioavailability. Further, LCNs like other nanodrug carriers 
below the size of 10 nm possess the risk of higher glomerular filtration followed by 
renal clearance [32, 33]. All such problems are now being addressed successfully by the 
advanced formulation technologies, adaptation of cutting age research instruments 
and effective surface manipulation and employment of novel polymers (natural/syn-
thetic). For example, problem associated with higher RES uptake can be subsided by 
surface coating/shielding of the LNCs with specific hydrophilic polymers like polyeth-
ylene glycol (PEG). Presence of PEG over the surface of LNCs renders hydrophilicity 
with subsequent reduction in RES uptake and enhancement in plasma half-life [34]. 
Similarly, by optimizing critical in-process parameters during formulation develop-
ment such as polymer:drug ratio, amount of drug, sonication time, speed of centrifu-
gation, filtration/separation technique, surface conjugation etc., desired size range of 
LCNs can be attained (preferably within 10–50 nm) for effective BBB permeation.

Likewise, the off-target bio distribution of the nanodrug carriers can be effectively 
reduced by surface conjugation with tumor-specific ligands. Several ligands like 
aptamers, antibodies, small molecules, peptides, sugar moiety etc., can be attached to 
LCNs to make them more specific with enhanced brain targetability [35]. Such engi-
neered LCNs can effectively reduce healthy tissue toxicity along with chemoresistance 
of cancer cells, since they promote higher brain uptake of cytotoxic drugs around the 
tumor area with considerable decrease in drug efflux, thereby enhancing therapeutic 
outcome as well as (Figure 1).
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2.2 Types of lipid nanocarriers employed for drug targeting to brain

Lipid based nanocarriers are categorized into mainly three types, viz. nanolipo-
somes, solid-lipid nanoparticles, nanostructured lipid carriers. In our study, we would 
mostly restrict the discussion on these lipid based nanodrug carriers for glioblastoma 
therapy, excluding other organic/inorganic nanoparticles or other novel carriers.

2.2.1 Nanoliposomes

This is the first generation of novel drug delivery system, developed in 1960. It is 
prepared to resemble to the cell membrane compositions mainly by using fats, phos-
pholipids, and cholesterol [36]. Due to its high flexibility, low toxicity, better stability, 
and biocompatibility, specifically targeting character with highly versatile nature, it 
has got immense attention in glioblastoma therapy [37, 38].

Liposomes are colloidal nano carriers, comprised in a vesicle. It can be uni-lamellar 
or multi lamellar i.e. comprising of more than one number of lipid bilayers encap-
sulating hydrophilic core or aqueous core. Due to unique structural features, both 
hydrophilic and lipophilic drugs can be delivered through nanoliposomes. By apply-
ing various in vitro techniques, the surface of liposomes can be easily modified with 
surfactants (e.g. tween 80, tween 20) bile salts, or tumor-specific targeting ligands 
[39, 40]. However, one of the major limitations related to liposome is their earlier 
uptake by phagocytic cells leading to shorter in circulation half-life. To avoid this 
PEG is functionalized over the conventional liposomes to keep it safe from the eyes of 
macrophages and to extend blood circulation profile [41].

2.2.2 Solid lipid nano carrier (SLNs)

This the first generation of solid-lipid based nano carrier was developed in 1991. It 
is usually spherical in shape having the diameter about 50–100 nm, dispersed in water 

Figure 1. 
A representative diagram of blood-brain barrier showing permeation of ultra-small size lipophilic drug carriers, 
whereas inability of macromolecular drug/ carriers to cross the barrier.
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or in an aqueous surfactant phase [42]. SLNs have advantages like better stability, 
low melting point, nontoxic, ease to preparation, higher plasma pharmacokinetics, 
better bioavailability across BBB, good biocompatibility, bio degradability, very low 
cytotoxicity along with cost effective method of production [43]. It is an oil in water 
(o/w) system, in which the oil phase/liquid-lipid is replaced with the solid lipid to 
make it solid in both room and body temperature. The main ingredients used for the 
production of SLNs includes monostearates, stearyl alcohol, stearic acid, glycerol, 
cetyl palmitate etc. including stabilizers like tween 80, poloxamer 188, and dimethyl 
dioctadecyl ammonium bromine. The variation of ratio occurs in between the range 
of solid lipid (4:1) to the liquid lipid (1:4), surfactant concentration (0.25 to 6% w/v) 
to the total lipid concentration (1–30% w/v) [44]. However, it has also got few limita-
tions like moderately drug loading capacity and expulsion of drug due to crystalliza-
tion during under long-term storage condition.

2.3 Targeting strategies adopted by lipid nanodrug carriers for brain delivery

LNCs with their loaded cargo can be directly targeted to the brain owing to their 
ultra-small size and lipophilicity, as discussed previously. Since, most of the LNCs con-
stitute phospholipid, sphingo lipid, cholesterol-based structures, they usually possess 
a cell-mimicking property, for which once get inside the cell, they tend to retain there 
with subsequent release of loaded cargo. In such cases, no artificial surface manipula-
tion is done, and thus it does not guarantee glioma cell-specific drug targeting also.

Tumor vasculature usually shows abnormal architecture with highly permeable 
capillaries. Along with that the tumor mass too possesses a poor lymphatic drainage 
system, which thus allows accumulation of micromolecules having molecular cut-off 
size ≤40 kDa. LCNs mediated drug targeting actually utilizes this unique feature 
along with its lipophilic nature to invade inside the tumor tissue. The phenomenon 
popularly known as the enhanced permeability and retention (EPR) effect is taken 
as the prime mechanism in passive targeting of nanodrug carriers [45, 46]. Passive 
method of targeting the chemotherapeutics does not involve targeting to any specific 
receptor/protein expressed over tumor cell surface. It, thus primarily depends on 
the size and physicochemical properties of the nanocarriers. The ideal size range to 
benefit from the EPR effect is usually between 10 and 100 nm. But for successful 
BBB permeation of LNCs, an average hydrodynamic diameter around 10–50 is now 
preferably investigated. Outside this range, smaller particles usually clear by the 
kidney, preventing accumulation within the tumor site, while larger size particles fail 
to adequately penetrate through the glioma vasculature [46, 47].

In lieu of problems associated with passive targeting, surface engineering of 
nanocarriers with tumor cell-specific ligands have been investigated widely in past 
few years. The development of a broad range of LCNs with varying size, composi-
tion, and functionality has actually provided a significant revolution in glioblastoma 
therapy. While, passive targeting utilizes unique internal architecture of tumor tissue 
to target nano size delivery vehicles, active targeting is primarily based on surface 
engineering of nanodrug carriers with specific targeting ligands to make them more 
precise. Though, the leaky tumor vasculature coupled with weak lymphatic drainage 
of tumor provides a golden opportunity for direct targeting of nanosize drug carriers 
even without any surface manipulation [48], however, the chances of healthy tissue 
accumulation still remain there. Thus, surface engineering of LNCs has been emerged 
as hopeful alternative to decrease drug uptake in normal tissue and to increase accu-
mulation in glioma to elicit better therapeutic outcome.
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Active targeting in glioblastoma involves targeting surface membrane proteins that 
are upregulated in cancer cells [49]. Targeting molecules can be monoclonal antibod-
ies or their fragments, aptamers, small molecules, oligopeptides etc. LNCs attached 
with surface ligands can be preferably localized to tumor tissue, expressing the 
associated receptors or antigens and can deliver the loaded drug via ligand-receptor 
interaction [50]. Some ligand receptor interactions also facilitate receptor-mediated 
endocytosis, which in turn enhances payload delivery inside the tumor cell.

2.4 Major types of targeting ligands in glioblastoma

2.4.1 Monoclonal antibodies (mAb)

Biocompatible mAb has been utilized from a decade as the first line of targeting 
ligand owing to their highly specific nature in various cancer treatments including 
malignant brain tumors. Many tumors up-regulate growth factor receptors, such 
as HER2/ neu in certain breast cancers, which can be targeted with anti-HER2/
neu surface antibodies [51]. Similar mAb mediated targeting strategy has now been 
investigated for glioblastoma. Though, unlike breast or prostate cancer, the specific 
receptors/ proteins having higher expression in case of brain tumor are very limited, 
but some of the recently reported research has provided evidence of improved treat-
ment efficacy with mAb-engineered LNCs in malignant brain tumor as compared 
to conventional chemo-treatment. One recent example of such mAb is CD 133. This 
pentaspan transmembrane glycoprotein family member is also known as prominin-1 
and has been found closely associated with glioblastoma. Research finding has identi-
fied CD133 as a major hallmark of glioblastoma stem cells [52]. Recent reports have 
further shown that CD133 antigen has elevated expression in glioblastoma, medul-
loblastomas, along with other brain cancers [53]. Thus, it could serve as a prognostic 
indicator of tumor recurrence or malignant progression.

2.4.2 Aptamers

Aptamers have recently emerged as effective ligands for their higher specificity, 
safer in vivo application with lesser chances of immunogenicity. They are basically 
folded single stranded oligonucleotides (25–100 nucleotides) that bind to specific 
molecular targets [54]. Aptamer-conjugated nanoparticles in vitro have displayed 
increased cytotoxicity and decreased volume of xenografts compared with non-tar-
geted nanoparticles [55]. Aptamers possess many unique characteristics which make 
them an ideal imaging and targeting agent for the treatment of glioblastoma. Owing 
to their higher sensitivity, selective nature, ease of fabrication aptamers are presently 
lucrative drug-delivery platforms in glioblastoma [56, 57]. Although mAbs have been 
long history of use as potent therapeutic tool, however, their therapeutic applica-
tion for glioblastoma including other neurodegenerative diseases has been limited, 
thanks to the presence of BBB, which checks effective entry of traditional antibodies. 
As compared to conventional mAbs, aptamers are more stable, smaller size and also 
easily accessible to chemical modifications. Adverse effects associated with aptamers 
are also rare. They can be physically/ chemically conjugated to a wide range of probes 
and therapeutic agents, which make them promising entity for imaging and detection 
in brain cancer. Successful application of aptamers for the diagnosis or treatment of 
glioblastoma has been reported in many recent researches. Recent research identi-
fied A40s, a novel aptamer that was internalized effectively in GBM stem cells and 
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successfully delivered miR-34c and anti-miR10b to the stem cell population. The data 
demonstrated that A40s crossed the BBB to reach the tumor location and selectively 
attached with the EphA2 receptor, which in turn led to inhibition in tumor growth 
and reduction in tumor relapse [58].

2.4.3 Folic acid (FA)

FA is essential for DNA synthesis, DNA repair, and methylation of DNA and 
is therefore necessary for cell survival and proliferation. The human folate recep-
tor (FR), a glycosyl phosphatidyl inositol anchored membrane protein of 38 kDa, 
which shows high affinity for FA. At present, FR is considered an essential marker 
component in most of the cancers including glioblastoma. FR expression is very low 
or almost undetectable in most of the normal cells/tissues, but its expression is much 
higher in ovarian, breast, brain, lung, colorectal cancers [59]. FR-mediated liposomal 
delivery has been shown to enhance the antitumor efficacy of doxorubicin both in 
vitro and in vivo, and to overcome P-glycoprotein-mediated multi-drug resistance. 
Using folate as a targeting ligand, FR-targeting nanodrug delivery systems have been 
developed to target in situ glioma tumors [60].

2.4.4 Transferrin (Tf)

Tf receptor has been evolved as another important target for receptor-mediated 
transcytosis across the BBB. Owing to its higher expression on BBB endothelium, 
Tf-conjugation to the LNCs could be used as an effective active targeting strategy to 
enhance therapeutic outcomes in glioblastoma. Tf is basically a single chain iron-
transporting glycoprotein that supplies iron into cells via receptor-mediated endocy-
tosis [61]. Though, expression of Tf receptor remains very low in most of the normal 
tissues but its expression increases drastically in case of brain cancer. The binding 
affinity of Tf to its receptors on the external surface of tumor endothelial cells has 
been found 10 to 100 times more than in normal endothelial cells [62]. LNCs can take 
advantage of this feature through surface conjugation with Tf, which will be then 
actively transported into the tumor cells. Tf modified liposomes, nanoparticles and 
dendrimers have been widely investigated in recent years.

2.4.5 Oligopeptides

Oligopeptides are another class of emerging targeting ligands, which are now 
heavily investigated for glioma-specific drug targeting [63, 64]. The Arg-Gly-Asp 
(RGD) oligopeptide is a component of the extracellular matrix protein fibronectin, 
which is involved in the cell adhesion, migration and proliferation [64]. RGD is 
known to serve as a recognition motif in multiple ligands for several different integrin 
receptors. RGD-containing peptide can be internalized into cells by integrin-mediated 
endocytosis.

3.  Advancements in lipid nanocarrier based drug delivery research in 
glioblastoma

LNCs in view of their architectural uniqueness and preferable in vitro character-
istics have become leading choice of delivery vehicle in glioblastoma research [33]. 
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Many recent studies have depicted superiority of the LNCs in successful drug target-
ing to brain as compared to conventional formulations. S D. Hettiarachchi and his co-
researchers developed a nano drug formulation of triple conjugated delivery system 
which included conjugation of two drugs to achieve synergistic effect in glioma. The 
triple conjugated delivery system comprised of transferrin, epirubicin and temozolo-
mide. The in vitro results showed higher anticancer effect for transferrin conjugated 
samples. MTT assay depicted dramatically reduced cell viability in case of targeted 
nanocarriers as compared to non-transferrin conjugated carriers. The triple system of 
transferrin conjugated samples was significantly more cytotoxic to glioblastoma cell 
lines and was more effective than their equivalent single agents [65].

Another new strategy reported potentiality of aptamer-based immunoliposomes 
in modifying PD-1-silencing T cells. PD-1 gene was knocked out from CD8+ T cells 
using CRISPR/Cas9 system to liberate T cell activity from immunosuppression. The 
work involved stimulation of PD-1− T cells followed by functional modification of 
tumor-specific nanoliposomes (hEnd-Apt/CD3-Lipo) to generate FC/PD-1− CTLs. 
The activation and proliferation of the modified FC/PD-1− CTLs were then measured 
[66]. The anticancer potential of experimental CTLs against HepG2-tumors was 
evaluated in xenograft mice. Results indicated that the modification of hEnd-Apt/
CD3-Lipo nanocomposites on the FC/PD-1− CTLs had a more substantial synergetic 
effect in inhibiting tumor growth and prolonging animal survival, rather than other 
control liposomes [66]. Though, the study was not directed towards glioblastoma 
therapy, but the active targeting of immunoliposomes towards PD-1 receptor could 
be taken an attractive strategy for futuristic potential application in glioblastoma. 
Seeing the over-expression of PD-1 in many brain/CNS disorders including glioma, 
the outcome of the study could be used as an important input for further research of 
LNCs based PD-1 targeting to glioblastoma.

The therapeutic potential of hyaluronic acid (HA) as a targeting ligand for 
glioblastoma was investigated in a study by Stephen L et al. Anticancer effect of 
HA-conjugated doxorubicin loaded LNCs was reported in cortical astrocytes, MG, 
and A172 cells. In the study, three different glioblastoma cell lines were employed viz. 
invasive/non-tumorigenic (A172 cells), non-invasive/slightly tumorigenic (U251), 
and invasive/ highly tumorigenic (U87MG). A 24-hour potency assay demonstrated 
that the LC50 of experimental LNCs on A172 cells was nearly 5 folds lower than the 
corresponding LC50 for the cortical astrocytes and nearly 3 folds lower than that for 
MG cells [67]. The study thus highlighted potential application of HA in promoting 
preferential tumor cell uptake, with significant enhancement in chemotherapeutic 
potency in glioblastoma cells as compared to astrocytes.

Application of monoclonal antibodies as glioma-specific ligands through nano-
liposomal vesicular carriers has already been reported. A recent liposomal delivery 
study has suggested conjugation of CD133 antibodies as a suitable method for target-
ing glioblastoma [52]. The study reported brain targeted delivery of gemcitabine, a 
widely used anticancer drug for cancers. However, being a BCS class III category of 
drug, it has higher water solubility with low permeability. Hence, to meet the chal-
lenge of sufficient brain uptake, gemcitabine was loaded in nanoliposome and the 
surface of the gemcitabine loaded liposome was functionalized with CD 133. The 
experimental CD 133 modified nanolipsomes was then tested for their in vitro and in 
vivo performance in glioblastoma cells. The in vitro study showed that conjugation of 
CD133 significantly enhanced the cytotoxicity of gemcitabine through endocytosis 
of CD133 surface markers overexpressed on glioblastoma cells [52]. The anti-tumor 
effect of CD133-modified nanoliposome was 15 times higher than that of free drug. 
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The formulation also showed enhanced in vivo stability and cytotoxicity through 
in glioma bearing xenograft models. Moreover, monitoring of body weight changes 
showed that the use of targeted nanoliposomes significantly reduced the toxicity of 
gemicitabine.

Compared to single anticancer drug based chemotherapy, a combination of gene 
and drug therapy is being investigated in recent studies to achieve breakthrough in 
glioma treatment. It was expected that therapeutic genes and chemical drugs could 
act on different targeting sites with different mechanisms and could achieve synergis-
tic therapeutic efficacy. The study explored the potential application of angiopep-2 
through paclitaxel loaded cationic nanoliposomes. Angiopep-2 possesses the ability to 
target the low-density lipoprotein receptor-related protein, which is over-expressed 
on the BBB and glioma cells [68]. In a study, angiopep-2 modified cationic lipo-
some was developed (ANG-CLP) for effective co-delivery of a therapeutic gene and 
an anticancer drug. The gene encoding the human tumour necrosis factor-related 
apoptosis-inducing ligand (pEGFP-hTRAIL) was used along with paclitaxel as 
the drug of choice for targeted delivery to glioma through LNCs. The dual target-
ing co-delivery system improved cellular uptake and gene expression in U87 MG 
human glioblastoma cells and also in the infiltrating margin of intracranial U87 MG 
glioma-bearing models [69]. The dual targeting LNCs selectively induced apoptosis 
in U87 MG cells while reducing toxicity to BCECs. Results of the pharmacodynamics 
studies showed that the apoptosis of glioma cells in in vitro BBB models and in U87 
MG glioma-bearing mice treated by the experimental LNCs was more apparent and 
widespread than that treated by single medication systems and unmodified co-deliv-
ery system. Along with that, the median survival time of brain tumour-bearing mice 
group treated with angiopep-2-targetd LNCs was 69.5 days, which was significantly 
longer than that of conventional nanolipsome and standard drug treated groups. The 
treatment groups received commercial temozolomide showed median survival time 
of 47 days only [69].

Receptor-mediated endocytosis is one of the major mechanisms which can be 
effectively employed as active targeting approach to deliver the conventional che-
motherapeutic agents to permeate across BBB. The receptors for insulin, transferrin, 
endothelial growth factors, amino acids, follic acid along with various metabolic 
nutrients are expressed on BBB, which thus can be taken as an opportunity to modify 
the surface of nanocarriers with relevant targeting moiety to make them brain 
specific. Dual-targeting doxorubicin encapsulated nanoliposomes were produced 
by conjugating the experimental liposomes with both folate and Tf, which were 
then tested for their effectiveness in glioma model [70]. The nanoliposomes were 
characterized by particle size, drug entrapment efficiency, and in vitro drug release 
profile. Drug accumulation, P-gp expression, and drug transport across the BBB in 
the dual-targeting nanoliposomes were examined by using bEnd3 BBB models. In 
vivo studies demonstrated that the dual-targeted nanoliposomes could successfully 
transport doxorubicin across the BBB and mainly distributed in the brain glioma. The 
anti-tumor effect of the dual-targeting liposome was also found significantly higher 
as compared to plain liposomes and free drug in terms of increased survival time and 
decreased tumor volume [70].

From our laboratory, we also carried out few works related to the brain deliv-
ery or BBB permeation ability of anticancer drugs through LNCs based strategy. 
Though our works were mostly based on passive targeting approach where we 
have mostly utilized the lipophilic nature and nanosize property of our developed 
liposomal vesicles to target the anticancer drug to brain, but the outcomes of the 
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work was quite impressive, which has compelled us for their further clinical trans-
lational studies. One of the recent studies from our laboratory reported the suc-
cessful delivery of lomustine in glioma cells via lipid nanovesicular constructs [71]. 
Experimental LNCs were developed by modified lipid layer hydration technique 
and evaluated for different in vitro characteristics. Anticancer potential of selected 
lomustine loaded LNCs was tested on C6 glioma cell line in vitro. The experi-
mental LNCs were within a size of less than 50 nm along with 8.8% drug loading 
capacity. Confocal microscopy revealed reasonable internalization of the selected 
LNCs in C6 cells. Experimental formulations were found more cytotoxic than free 
lomustine and blank LNCs as depicted from MTT assay. A clear improvement in 
pharmacokinetic profile both in blood and brain in the experimental mice models 
was observed for drug loaded LNCs than free drug. The formulations showed 
negligible haemolysis in mice blood cells, which further justified their safer in vivo 
applications.

Another similar study by Satapathy et al., reported delivery of docetaxel suc-
cessfully to the rat brain through DSPE-modified nanoliposomes. In the work, the 
researchers simply aggravated the passive targeting strategy by utilizing DSPE, 
a sphingolipid, which has abundant presence the in brain and CNS. In the work, 
they developed a DSPE incorporated LNCs encapsulating docetaxel and investi-
gated its BBB crossing potential, both qualitatively and quantitatively, in vivo [72]. 
Pharmacokinetic and biodistribution data showed an enhanced residence time of the 
docetaxel in the blood and efficient permeation of the drug from the docetaxel loaded 
LNCs through the BBB, as compared to free drug. The technetium-99 m labeled 
experimental LNCs effectively crossed the BBB and accumulated in the brain tissue 
in a time dependant manner as depicted from single photon emission tomography 
data [72]. At 4 h experimental time period, radiolabelled-LNCs were clearly tracked 
in the rat brain, whereas the same signal was absent in case of radiolabelled-free drug, 
which thus clearly confirmed that the sphingolipid modified LNCs possessed the 
necessary potential for BBB permeation and could be effective for the treatment of 
glioblastoma. Similar study from another research group in same department revealed 
successful delivery of docetaxel to rat brain through experimental nanoliposomes. 
Anti-proliferative effect of the experimental docetaxel loaded LNCs was conducted 
on C6 rat glioma cells. MTT assay showed that IC50 values of docetaxel from experi-
mental nanoliposomes (9.5 ± 0.8 nM) was significantly less in comparison to free-
drug (IC50 value, 70.8 ± 0.1 nM) and marketed Taxotere (IC50 value, 86.5 ± 0.3 nM) 
[73]. Flow cytometric analysis of C6 glioma cells incubated with fluorescein 
isothiocyanate (FITC)-labelled docetaxel loaded LNCs indicated about 18 and 23% 
enhancement of cellular uptake at 0.5 h at 0.5 h and 6 h of treatments in comparison 
to untreated cells.

Triggered drug delivery now-a-days has been merged as an interesting active tar-
geting option for improved delivery of drugs through nanocarriers for the treatment 
of glioblastoma. A recent study showed that repeated pulsed high-intensity focused 
ultrasound can be used to improve the delivery of doxorubicin loaded nanocarriers to 
brain [74]. Atherosclerotic plaque-specific peptide-1 (AP-1) was used as the targeting 
ligand over the surface of doxorubicin loaded LNCs to selectively target glioblastoma 
cells. Compared with the control group, the animals treated with AP-1-conjugated 
nanoliposomes (5 mg/kg) showed significantly enhanced accumulation of drug at 
the sonicated tumor site and also a significantly elevated tumor-to-normal brain drug 
ratio (p = 0.001) (Table 1).
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4. Challenges ahead

It is a fact that nanomedicine has revolutionized the field of medical diagnostics 
and treatment and significantly improved the therapeutic and pharmacokinetic pro-
file of conventional chemotherapy for effective targeting at brain. However, in spite 
of all eye-catching progress in nanocarrier based drug targeting, lots of challenges 
still remain, which in fact need serious insight analysis. Common obstacles with the 
use of LNCs for successful treatment of glioblastoma yet remain unaddressed largely 
in the form of the RES uptake, opsonisation, in vivo stability etc. [85].

Another issue is the cell/tissue accumulation and toxicity concern of engineered 
LNCs. Ultra-small size and brain specific delivery through targeting ligands though 
helpful for increased cellular uptake and diminished off-target toxicity, but accumu-
lation of such engineered nanodrug systems in healthy organ cannot be fully ruled 
out. Such in vivo studies related to the toxicological concern of engineered nanodrug 
carriers are too highly lacking. Since, the toxic effects upon long-term accumulation 
of nanodrug carriers largely depend on various physico-chemical factors including 
shape, size, composition, biocompatibility, route of administration, degradation 
mechanism, drug-tissue interaction, protein binding etc., these factors thus need to 
be vividly analysed from case to case basis. The safety and pharmacological effect of 
engineered LNCs can be influenced by minor variations in multiple parameters and 
need to be carefully examined in preclinical and clinical studies. Systematic impact 
analysis of the possible acute/chronic toxicity effects of novel LNCs on humans and 
environment is the need of the hour.

Oral administration of LNCs is still not a feasible strategy due to stability and liver 
metabolism issues. Even, after intravenous administration, it is still unclear, how the 
properties of engineered LNCs change in brain microenvironments, or their effect on 
complement activation, blood coagulation, etc. Thus, many such important factors 
related to the in vivo behaviour engineered LNCs and their post treatment effect on 
normal brain cells need thorough investigation.

There is still dearth of ample pre-clinical research outcome of engineered LNCs on 
glioblastoma. Most of the studies related to glioblastoma are confined to in vitro cell 
line studies. Though experiments on in vivo efficacy of LNCs in brain tumor bearing 
xenograft model is there, but results of such research are highly variable with lack 
of in vitro-in vivo correlation data. Due to reliable in vitro-in vivo correlation related 
studies with variable research outcomes, such engineered LNCs face serious hurdle 
in clearing requisite regulatory approval for clinical trials [85]. The insufficiency 
of specific regulatory guidelines for the development, evaluation, in vivo testing of 
engineered LNCs is also another crucial factor in clinical translation. The leading 
pharma houses or pharma-research and development laboratories are still in confu-
sion, whether to rely on the clinical efficacy of engineered nanodrug carriers for the 
treatment of glioblastoma on large scale basis. To find a sponsor for clinical trial of 
engineered nanodrug carriers still remains a tough task.

For anticancer drug loaded LNCs, dose ranges need to be correctly defined along 
with sufficient blood and brain pharmacokinetics data. Since, clinical testing of nano-
drug carriers intended for the treatment of glioblastoma starts from phase II stage, 
i.e. subsiding phase I clinical trial on healthy volunteers, therefore establishment of 
proper in vivo safety, pharmacokinetic and dose-range data are highly crucial. In case 
of in vivo experiments, concerns are also being raised by some formulation scien-
tists and medical experts on the rationality of in vivo experiments using xenograft 
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Lipid nanocarrier based 

delivery system

Drug/

therapeutic 

agent

Targeting 

strategy/

targeting 

ligand

Research findings Reference

H-ferritin siRNA 

conjugated nanoliposome

siRNA Active 

targeting/ 

H-ferritin

H-ferritin siRNA decreased 

protein expression by 80% 

within 48 hours. Increased 

apoptosis in glioma cells 

in vitro

[75]

FTH1 loaded 

nanoliposome

FTH1 siRNA Passive 

targeting

FTH1 down-regulation 

demonstrated by decreased 

cell viability, impaired 

DNA repair and reduced 

colony formation

[76]

Glutathione PEGylated 

liposomal Doxorubicin

Doxorubicin Active 

targeting/ 

Glutathione

4.8 fold increase in 

brain-to-blood ratio of 

doxorubicin as compared 

to generic Caelyx® 

(p = 0.0016)

[77]

Dual-functioned 

nanoliposome

Doxorubicin Active 

targeting/ 

Transferrin 

and cell-

penetrating 

peptide

Tf/TAT-modified 

nanoliposomes showed 

higher anti-proliferative 

activity against U87 cells 

and also in orthotropic 

glioma model in vivo.

[78]

OX26/CTX-conjugated 

liposome

Plasmid DNA Active 

targeting/ 

OX26 and 

chlorotoxin

The targeted nanoliposome 

exhibited enhanced 

therapeutic effects on C6 

cells.Dual-targeting effect 

diminished tumor volumes 

(18.81 ± 6.15 mm3) and 

extended median survival 

time (46 days) in C6 

glioma-bearing rats.

[79]

Dual-targeting 

nanoliposme

Doxorubincin Active 

targeting/

folate and 

transferrin

Dual-targeting liposome 

demonstrated increased 

survival time, decreased 

tumor volume in 

glioblastoma model

[80]

Folic acid modified 

nanoliposome

Lidocaine Active 

targeting/

Follic acid

Higher uptake of targeted 

nanoliposomes by U87 

cells.

Suppressed the motility 

of U87 glioma cells and 

stimulated apoptosis.

[81]

Dual-targeting liposome Paclitaxel Active 

targeting/ 

Transferrin 

and 

arginine-

glycine-

aspartic 

acid

In vivo imaging 

demonstrated RGD 

peptide and transferrin 

provided the highest brain 

distribution.

Targeted liposomes 

showed preferential 

anti-proliferative activity 

against C6 glioma cells

[82]
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mice/rat model bearing brain tumor. As such animal systems are usually athymic or 
immune-compromised; data derived out of these animal experiments cannot be fully 
relied on to carry out direct clinical testing on human subjects. In view of the signifi-
cant anatomical/ physiological differences between immune-compromised laboratory 
animal model and human subjects in the development and progression of glioblas-
toma, it has been a point of long argument that whether these animal models could 
really mimic the human brain micro environment or whether such pre-clinical safety/
dose-range data can be reciprocated in clinical settings. It is a fact that laboratory 
rodents employed for the study do not suffer from glioblastoma or any other brain/
CNS cancers frequently as normal humans. Furthermore, immune response, cellular 
reaction, metabolism profile between laboratory animals and human subjects vary 
significantly differently. In a lay man language the material, which behave nontoxic 
to animals may show severe toxicity to humans or vice versa. Again till now, exact 
mechanism behind development/progression of glioblastoma in humans is largely 
unclear just as other cancer types. We seriously lack sufficient knowledge or well 
characterized data on specific biochemical factors, diseased conditions or antigens/
proteins responsible for development of glioblastoma. Thus, how much it will be 
rational to trust on the animal experiment data involving artificial/forcefully develop 
glioblastoma in nude/athymic animal models. Whether the use of such genetically 
modified animal models could really serve the purpose of successful clinical transla-
tion of LNCs? The budding scientists and medical/pharmacy/clinical professionals 
have to find specific answer for these unsolved questions in order to convince the 
manufacturers/sponsors to go ahead for large scale production.

Moving from the regulatory or clinical application problems towards large scale 
production at industrial scale, there is too lots of challenges remain unaddressed. 
Many pharmaceutical companies are still hesitant to invest directly in the large scale 
production of LNCs based delivery platforms. Batch to batch variation, problems with 
scale up, high cost of raw materials, availability of standardized unique protocol for 

Lipid nanocarrier based 

delivery system

Drug/

therapeutic 

agent

Targeting 

strategy/

targeting 

ligand

Research findings Reference

Theranostic liposomes Docetaxel Active 

targeting /

folate

Higher cellular uptake 

lower IC50 showed 

for folate-targeted 

nanoliposomes than non-

targeted liposomes and 

marketed formulation

[83]

Ligand modified 

nanoliposme

Doxorubicin Active 

targeting/ 

c(RGDfK) 

and 

Peptide-22

c(RGDfK) and Peptide-22-

modified nanoliposomes 

increased the 

internalization in U87 cells. 

In vivo imaging verified 

higher brain tumor 

distribution for targeted 

nanoliposmes than 

un-modified liposomes.

[84]

Table 1. 
Research outcomes on lipid nanocarrier based drug delivery systems, targeting strategy adopted in metastatic 
glioma.
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manufacturing and testing, stability issues, low drug carrying capacity are some of 
the major issues associated with LNCs. As a result, maximum research outcomes are 
confined in academic or small scale research laboratories and cannot able to reach 
from bench to bed side. To simplify the approval process for LNC based drug delivery 
system, a closer cooperation among various regulatory agencies is also warranted. 
Government of various countries too have ample responsibility with regard to develop 
advanced/simplified protocols that must be genuine, less tedious, yet sufficiently 
rigorous to address any safety concerns in a timely manner.

5. Conclusion

Glioblastoma still remains an area of unmet medical challenge despite remark-
able progress in understanding its genesis and propagation. With advancements in 
molecular biology, biotechnology and interdisciplinary research horizon covering 
nanotechnology, computational biology, genetic engineering etc., successful treat-
ment strategies are highly expected in near future. Continuous research by formula-
tion scientists have led to development of novel lipid nanocarrier based formulations, 
which are showing promise in glioblastoma both in vitro and in vivo rodent models of 
the disease. Few of the nanodrug carriers have already seen day light with successful 
clinical applications in brain cancer patients. However, number of such advanced 
engineered nanocarrier system at clinical trial stage is still very limited. Stringent 
regulatory procedure coupled with lack of sponsors/industrial collaborators are 
being the major hurdles in successful clinical translation of the nanodrug carriers 
from laboratory to bed side. Active targeting strategies with tumor-specific ligands 
though emerged as hopeful approach in elevating treatment outcomes and to reduce 
chemo-induced side effects in glioblastoma, but in reality, lots of challenges are need 
to be focused. Recent studies have introduced MRI and near infrared imaging to the 
administration of dual-targeted nanodrug carriers, enabling targeting to be imaged 
with these new theranostics. Although the engineered LNCs could be plausible option 
for treating glioblastoma, detailed in depth analysis is highly essential to bring out 
desired outcomes in patients. In vivo performances of engineered LNCs are yet highly 
variable and in vitro-in vivo correlation data is seriously lacking. Till now, the leading 
pharma manufactures in India hesitate to go ahead for the large-scale production of 
targeted nanodrug carriers. Data are also scarce and dissatisfactory for targeted nano-
medicnes to show improved clinical outcomes or improved quality of life post treat-
ment in glioblastoma. Despite these daunting facts there is still hope. Personalized 
cancer planning, advance diagnosis, ample pre-clinical research, continuous research 
idea exchange between industry and academia are some of the highly focused area, 
which could finally make this goal a reality. With the growing global trend, the future 
of modern multimodal, multi-centered treatment approach of LNCs for regular clini-
cal application in glioblastoma looks feasible.
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