
 

 

 University of Groningen

Pre-clinical Development of Nanoparticles and Nanogels for Drug and Gene Delivery to
Glioblastoma
Zhang, Huaiying

DOI:
10.33612/diss.193920444

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Zhang, H. (2021). Pre-clinical Development of Nanoparticles and Nanogels for Drug and Gene Delivery to
Glioblastoma. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.193920444

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.193920444
https://research.rug.nl/en/publications/4672bf23-e4c7-4cb3-a14a-077277ea218e
https://doi.org/10.33612/diss.193920444


 

 

 

 

 

 

 

Chapter 1 
 

General introduction and aim of the thesis  

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



General introduction and aim of the thesis 

 

11 

 

1 

Glioblastoma multiforme (GBM) is a nearly incurable brain tumor because of the high 

propensity to relapse after its surgical removal, and poor prognosis, as illustrated by only few 

(0.71%) patients having a survival longer than 10 years1. Generally, the therapeutic strategies 

for GBM in the clinic include surgery, radiation therapy, chemotherapy with temozolomide, 

and combined treatment. Surgical resection is often incomplete, limited by the complexity of 

the brain，and carries the risk of cognitive loss. In addition, concurrent use of temozolomide 

and radiotherapy are effective after surgery but result in notable toxicity. 

With the development of nanotechnology, nanoparticles have shown advantages for delivering 

chemotherapeutics to the brain. Encapsulation of drugs in nanocarriers serves to protect the 

drug against degradation improve the biodistribution of the drug, thereby reducing side effects, 

and allows for targeted drug delivery by surface modification of nanocarriers with targeting 

ligands. 

1.1 Glioblastoma 

Gliomas are primary brain tumors that are categorized as grade I and II (low-grade glioma), 

grade III (anaplastic glioma) and grade IV (glioblastoma, (GBM)) according to histological 

grades with increasing malignancy1. GBM is the most aggressive brain tumor and is 

characterized by diffuse infiltrative growth into the brain parenchyma, aberrant proliferation, 

migration, resistance to chemotherapy and radiation, and recurrence after surgical resection2. 

Despite multimodality treatment, comprising surgical resection followed by the Stupp protocol, 

i.e., radiotherapy and oral chemotherapy with temozolomide, GBM remains incurable, and 

comes with a very poor prognosis of 12-15 months median survival after diagnosis3,4. 

Chemotherapy, as the post-operative adjuvant therapy for glioblastoma is hindered by several 

barriers. 

 

Figure 1. Scheme of the prodrug activation of temozolomide (TMZ). MTIC=5-(3-

methyltriazen-1-yl) imidazole-4-carboxamide, AIC=5-Aminoimidazole-4-carboxamide, T1/2= 

half-life. 

Firstly, the chemotherapeutic agent must cross the blood-brain barrier (BBB) (or blood-brain 

tumor barrier (BBTB)) and move through the extracellular space, while avoiding (metabolic) 

clearance5. Although temozolomide (TMZ) can cross the BBB because of its hydrophobic 

nature, within the blood TMZ undergoes rapid hydrolysis producing the metabolite MTIC, 

which no longer can cross the BBB. Therefore, TMZ hydrolysis needs to be prevented until 
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its delivery into the tumor cells. Within the cell, MTIC hydrolysis then produces the inactive 

metabolite AIC and the active electrophile methyl diazonium cation, causing DNA 

methylation and consequently gene silencing (Figure 1). The inclusion of TMZ in 

cyclodextrin, calixarene and cucurbit6–8, or encapsulation within nanoparticles9–11, enhances 

its stability. 

 
 

Figure 2. Composition of the glioblastoma tumor microenvironment. The GBM TME, in 

addition to cancer cells and cancer stem cells (CSCs), contains multiple cell types, including 

astrocytes, neurons, microglia, oligodendrocytes, pericytes, macrophages, red blood cells, and 

endothelial cells. 

Secondly, genetic heterogeneity in GBM and the presence of cancer stem cells (CSCs) play a 

role in drug resistance, hyperproliferation, and invasion, while an immunosuppressive tumor 

microenvironment (TME) causes immune escape12. In addition, an altered extracellular matrix 

(ECM) stimulates tumor angiogenesis and growth, and promotes recruitment of peripheral 

(tumor-promoting) macrophages while preventing (tumor-inhibiting) T-cell migration across 

the BBTB, thereby promoting immune evasion (Figure 2) 13–15 .  

1.1.1 The blood-brain barrier (BBB) 

The BBB is a physiological barrier that regulates the movement of essential nutrients and waste 

products between the bloodstream and the brain to maintain brain homeostasis, and protect the 

central nervous system (CNS), i.e., the brain and spinal cord, from toxins and pathogens 16,17. 
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As a protective barrier, the BBB prevents the entry of about 98% of small molecular drugs into 

the brain18. The BBB is formed by a layer of polarized brain capillary endothelial cells that are 

tightly connected through tight junctions, and supported by a basement membrane, pericytes, 

and astrocytes. Figure 3 shows the main pathways for the transport of molecules from blood 

to brain at the BBB. 

Paracellular transport occurs via the hydrophilic pores within the tight junctions, and only 

allows for the passive diffusion of small, water-soluble molecules. Small (<400 Da) lipophilic 

molecules can cross the BBB via transcellular passive diffusion, unless the molecules are 

recognized by drug efflux pumps19,20. Active transport at the BBB occurs via carrier-mediated 

transport, transcytosis, and cell-mediated transport. Carrier-mediated transport facilitates the 

(active or passive) transport of molecules through interaction of the molecules with their 

specific transporters (e.g., glucose transporter-1 (GLUT1), choline transporter, and large-

amino acid transporter 1 (LAT1)21–25. Receptor-mediated transcytosis (RMT) is an active 

process by which cells internalize material from outside the cell through the pinching off of 

vesicles from the plasma membrane, which is followed by intracellular transport and fusion of 

the vesicles with the opposing plasma membrane, resulting in the release of the material. RMT 

is characterized by high specificity, selectivity, and affinity. The low-density lipoprotein 

receptor (LDLR), transferrin receptor (TfR), ganglioside GM1, and insulin receptor (IR) are 

examples of so-called transcytotic receptors26–34. Adsorptive-mediated transcytosis is induced 

by electrostatic interaction between cationic proteins (e.g., protamine, poly-L-lysine) or cell-

penetrating peptides (CPPs) and anionic sites on the endothelial cell surface35–37. Cell-

mediated transport is achieved using stem cells and immune cells (e.g., macrophages and 

monocytes) that transmigrate across the BBB 38–41. More recently, it has been shown that 

extracellular vesicles (EVs) can cross the BBB42,43. Since EVs can transfer material into cells, 

they may serve as vehicles for drug delivery to the brain44–46. 

 

Figure 3. Schematic illustration of the paracellular and transcellular transport pathways from 

blood to brain at the BBB. 

Pathological conditions, including brain cancer, multiple sclerosis, dementia, and stroke may 

(temporarily) affect the structure and function of the BBB47. In the abnormal and dysfunctional 

vasculature within GBM tumors, the BBB may be ‘leaky’, creating a local BBB permeability 

for systemically delivered small molecules and particles (<20 nm), which is used in diagnosis 

(e.g., with gadolinium) and fluorescence-guided surgery (e.g., with 5-ALA). However, in 

regions with parenchymal infiltrations of glioma cells the BBB largely remains intact 48,49. 
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Moreover, vasogenic brain edema, one of the major clinical complications, leads to a drastic 

increase in intracranial pressure, which counteracts the passive drug diffusion into tumor tissue. 

In addition, overexpression of multidrug resistance proteins by tumor cells, e.g., P-

glycoprotein (P-gp) causes the efflux of various chemotherapeutic drugs, which prevents drug 

accumulation inside the tumor50. All in all, a major hurdle for improving treatment outcomes 

of GBM is the inability of administering chemotherapeutic agents at such a dose that they cross 

the blood-brain barrier (BBB) in sufficient amounts to generate a therapeutic effect without 

causing severe side effects, such as liver toxicity.  

In order to bypass the BBB/BBTB entirely and achieve acute site-specific drug delivery into 

the brain tumor, several local delivery strategies are explored, including: (1) direct drug 

administration via intracranial injection; (2) implantation of carmustine wafers (Gliadel®) 

along the borders of the resection cavity following surgery; (3) convection-enhanced delivery 

(CED), i.e., delivery of a therapeutic agent into the brain interstitium by pressure-driven 

infusion51,52. In addition, temporary disruption of tight junctions via osmotic agents, chemical 

agents, and mechanical methods are being explored to deliver therapeutic agents across the 

BBB/BBTB. Nevertheless, such approaches are highly invasive and significantly enhance the 

risk of medical complications.  

1.1.2 The brain extracellular space  

While the BBB has been considered the major barrier for the delivery of therapeutic agents 

from blood to brain, the poor movement of agents through the extracellular space (ECS) in the 

brain and/or tumor tissue has emerged as another major delivery challenge53,54. The ECS 

accounts for 10–20% of the total brain volume and comprises the extracellular matrix (ECM) 

and extracellular fluid55. The effective penetration of drug (delivery systems) through the ECS 

is hindered by the narrow width of the intercellular spaces, its high degree of tortuosity, and 

electrostatic interactions of the drug (delivery systems) with charged components of the 

ECS55,56. In addition, enzymatic and/or chemical degradation, and passive or active transport 

into the blood, cerebrospinal fluid (CSF), and (phagocytic) cells results in drug clearance. The 

encapsulation of drugs into nanoparticles is being used to prevent drug degradation, and 

undesired uptake by non-target cells57. Nanoparticle surface modifications such as coating with 

hydrophilic polymers may provide a means to overcome the limitations posed by the brain 

ECS 58,59. 

1.1.3 Genetic heterogeneity, instability, and cancer stem cells in GBM 

GBM is characterized by genetic heterogeneity between different tumors, but also within one 

and the same tumor. For example, the genetic profile of cells at the tumor core can be 

significantly different from that of cells at invasion sites60–62. This genetic heterogeneity could 

induce tumor proliferation or recurrence by facilitating the emergence of clones that are 

resistant to temozolomide chemotherapy, causing refractory cancer27,63,64. Loss-of-function 

mutations in mismatch repair (MMR) genes is a well-known cause of TMZ resistance. An 

alternative mechanism to TMZ resistance is the expression of the O6-methylguanine-DNA 

methyltransferase (MGMT) gene, while MMR deficiency and MGMT expression are mutually 

exclusive in GBM65. This explains for the finding  
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that functional MMR and low MGMT activity give a favorable prognosis for TMZ therapy. 

Interestingly, hypermutated tumors seem responsive to checkpoint blockade 

immunotherapy66,67.  

Researchers suggested that a small subpopulation of cancer stem cells (CSCs) can induce 

tumorigenesis68,69. GBM CSCs are a particular subset of GBM cells exhibiting stem cell-like 

properties, including a long-term self-renewal and expression of stem cell markers (e.g., 

CD133, CD15, integrin-α6, A2B5, EGFRvIII, and SSEA1)70–73, and can differentiate into fast-

proliferating, progenitor-like cells that drive tumor growth. GBM CSCs play a major role in 

therapeutics resistance, even to radiotherapy, and tumor recurrence via various mechanisms74–

76, such as expression of anti-apoptotic proteins, ATP-binding cassette (ABC) transporters, and 

an active DNA-repair capacity54,77,78. Phytocompounds (e.g., curcumin, catechins, resveratrol) 

have been shown to inhibit the self-renewal, chemoresistance-related pathways in CSCs, 

including Wnt/β-catenin, Hedgehog, and Notch signaling pathways79,80. Targeting of 

nanoparticles to GBM CSC surface markers, for example CD133, EGFRvIII, and IL13Rα279–

83 has been used for identifying and eradicating CSCs. The targeting of different 

chemotherapeutic drugs to specific tumor cell populations is expected to achieve better 

treatment effects for GBM.  

Table 1. Nano-based drugs under development for GBM therapy. 

Nanoparticles 
Therapeuti

c agent 

Size 

(nm) 

In vivo/in 

vitro 

Targe

ting 
Key findings 

R

ef 

monomethoxy 

PEG-PLGA 

nanoparticles 

(mPEG-PLGA 

NPs) 

DSF 
∼70 

nm 

orthotopic 

medulloblasto

ma (DAOY 

cells) 

xenografts/ 

DAOY and 

T98Gcells 

 

 

Induced reactive 

oxygen species 

(ROS); Activated the 

MAP-kinase pathway 

leading to apoptosis; 

slow release from 

NPs offers sustained 

drug supply. 

86 

Folate 

Modified PEG

-PLA Nano-

Micelles (Fa-

PEG-PLA) 

CUR  

subcutaneous 

and 

intracranial 

tumor models 

/GL261 cells 

folate 

recept

ors 

(FR) 

Tumors were 

repressed with 

Cur/Fa-PEG-PLA 

treatment via 

suppressing 

angiogenesis and 

enhanced apoptosis. 

 

 

87 

 

 

 

PLGA-

lysoGM1/DO

X micelles 

DOX 
246.8 

nm 

orthotropic 

glioma C6 

tumor model 

and transgenic 

fluorescent 

zebrafish/C6 

GM1 

PLGA-

lysoGM1/DOX 

crossed the BBB and 

accumulated in the 

brain. The median 

survival time (138.4 

88 
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glioma cells 

and bEnd.3 

cells 

d) was 516.4% longer 

than that of the 

GM1/DOX group in 

intracranial glioma-

bearing rats. 

RGD-modified 

nanostructured 

lipid carriers 

(NLCs) 

TMZ 
118.3

 nm 

Subcutaneous 

U87MG tumor 

Model/U87 M

G cells 

α5β3 

and 

αvβ3 

The tumor inhibition 

with RGD-

TMZ/NLCs was 

83.3% and four times 

higher than that of 

free TMZ in U87MG 

tumor-bearing mice. 

89 

SLNs 

conjugated 

with ApoE 

MTX 

350 

nm 

 

Orthotopic 

F98 glioma 

model/Rat F98 

glioma cells 

VLD

LR 

Decreased tumor 

volume; cell 

apoptosis. 

90 

(αPD-L1) 

functionalized 

lipid 

nanoparticle 

(LNP) (αPD-

L1-LNP) 

Dinaciclib 
90 

nm 

orthotropic 

GL261 glioma 

tumor 

model/TAMC

s cells 

PD-

L1 

αPD-L1-LNP showed 

high targeting 

efficiency to TAMCs 

cells; enhanced drug 

delivery efficiency in 

the context of 

radiation therapy, and 

extended median 
survival (2-fold) of 

mice in comparison 

to monotherapy. 

 

 

 
91 

 

 

 

 

 

 

 

MAN 

modified 

Liposomes 

CUR and 

QC 

119.7

±0.17 

nm 

Orthotopic C6 

glioblastoma 

and C6-GSC 

model/C6 

glioblastoma 

and C6 glioma 

stem cells 

 

- 

Inhibited the growth 

of glioma cells and 

glioma stem cells; 

inhibited expression 

of Bcl-2 and 

activated p53, 

caspase-9, and 

caspase-3. 

92 

a GBM-

specific cell-

penetrating 

peptide 

(P1NS) and an 

anti-GBM 

antibody (TN-

SPIONs 

and DOX 

∼114 

nm 

U-87 cells and 

C8D1-A and 

bEnd·3 

tenas

cin-C 

(TN-

C) 

The 

DOX@P1NS/TNC-

FeLPs displayed a 

thermo-responsive 

drug release and 

GBM-specific 

cellular uptake; 

transported across an 

93 
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C) conjugated 

liposome 

in vitro BBB model 

and suppressed tumor 

cell proliferation. 

magnetic iron 

oxide NPs 

conjugated 

with CD and 

CTX 

PTX 
~44 

nm 

human GBM 

cell lines (SF-

763 and U-118 

MG cells) 

MMP

-2 

Enhanced cellular 

uptake and improved 

killing of GBM and 

GBM drug‐resistant 

cells with CTX 

modified NPs. 

94 

Methoxy 

PEG-PCL 

micelles 

(MPEG-PCL) 

HK and 

DOX 

34 

nm 

Subcutaneous 

C6 glioma 

model and 

transgenic 

zebrafish 

model/C6 

glioma cells 

- 

Dox-HK-MPEG-PCL 

micelles induced cell 

apoptosis, and 

suppressed GBM 

cells proliferation and 

angiogenesis. 

95 

CBP4 

(peptide) 

conjugated 

gold 

nanoparticles 

(GNPs) 

- 
~14.7 

nm 
U373 cells 

CD13

3 

CBP4 coated GNPs 

exhibited active 

targeting to GBM 

marker CD133 and 

showed GSH-

responsive 'signal on-

off' property. 

96 

Tf-

functionalized 

pSiNPs 

Tf@pSiNPs) 

Dox 

167 ± 

16 

nm 

U87, 

hCMEC/D3, 

and HaCaT 

cells 

TfR 

Tf@pSiNPs were 

efficiently 

internalized by BBB-

forming cells and 

GBM cells; Dox-

loaded Tf@pSiNPs 

induced enhanced 

cytotoxicity to GBM 

cell compared with 

free DOX. 

97 

MET 

polymeric NPs 
Lomustine 

336±

0.44n

m 

orthotopic 

U87 MG 

glioblastoma 

model/U87 

MG cells 

- 

The MET 

formulation reduced 

liver deposition and 

increased survival 

time. 

98 

Tf protein and 

GM 

conjugated 

carbon nitride 

GM 

8 – 

12 

nm 

zebrafish 

model 

/Pediatric 

GBM 

(SJGBM2, 

TfR 

CN-GM-Tf showed 

selective targeting 

and prominent anti-

cancer activity; 

exhibited excellent 

99 
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dots (CNDs) 

(CN-GM-Tf) 

CHLA200) 

and 

CHLA266, 

U87 cell lines,  

and HEK293 

cells 

BBB penetration 

capability in 

zebrafish model. 

T7 peptide 

ligand 

modified LDL 

particles (T7-

LDL) 

VCR 

30.26 

± 

2.21n

m 

orthotropic 

glioma c6 

tumor 

model/C6 

cells and 

bEnd.3 cells 

LDL

R and 

TfR 

T7-LDL displayed 

higher glioma 

localization; After 

loading with VCR, 

T7-LDL showed the 

most favorable anti-

glioma effect in vitro 

and in vivo. 

100 

Sinapic acid-

PMPC-BSA 

NPs 

TMZ 
32.67 

nm 

orthotropic C6 

glioma tumors 

model/ C6 

glioma cells 

and RBMEC 

- 

High BBB 

permeability with 

ligand SA 

modification; TMZ-

loaded NPs shown 

strong apoptosis on 

the tumor site and 

increased the median 

survival time of 

glioma-bearing mice. 

101 

G23 peptide 

functionalized 

polydopamine 

coated zein 

NPs 

CUR 
~120

nm 

zebrafish 

model/C6 

glioma cells 

and 

hCMEC/D3 

cells 

GM1 

Induced C6 glioma 

cell death in liquid 

and soft agar models; 

Stimulated BBB 

crossing, tumor 

spheroid penetration 

and in vivo 

circulation cf. to NPs 

without G23. 

102 

PLGA: Poly (lactic-co-glycolic acid); PEG: poly(ethylene glycol); PCL: poly(ε-caprolactone); SLNs: 

solid lipid nanoparticles; NLCs: nanostructured lipid carriers; MAN: p-aminophenyl-α-d-

mannopyranoside; PAA: polyacrylic acid; PMPC: poly(2-methacryloyloxyethyl phosphorylcholine) 

BSA: bovine serum albumin; LDL: low-density lipoprotein; MET: Molecular Envelope Technology; 

SPIONs: superparamagnetic iron oxide nanoparticles; GNPs: gold nanoparticles; pSiNPs: porous silicon 

nanoparticles; NGO: Nano-graphene oxide. 

RGD: Arginine-glycine-aspartic acid peptide; TfR: transferrin (Tf) receptor; nAchR: nicotinic 

acetylcholine receptor; VLDLR: very low-density lipoprotein receptor; LDLR: low-density lipoprotein 

receptors; MMP-2: matrix metalloproteinase-2; GM1: Monosialotetrahexosylganglioside; PD-L1: 

programmed death-ligand 1; PTX: Paclitaxel; Dox: doxorubicin; DSF: disulfiram; TMZ: temozolomide; 

VCR: vincristine; MTX: Methotrexate. CUR: Curcumin; QC: quinacrine; HK: honokiol; IUdR:5-iodo-
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2-deoxyuridine; CD: cyclodextrin; CTX: chlorotoxin; GM: Gemcitabine; CPT: camptothecin; IR780: 

photosensitizer. 

 U87MG: human glioma cells; C6: rat glioma cell; hCMEC/D3: human brain endothelial cell line; 

RBMEC: rat brain derived microvascular endothelial cells; HEK293: human embryonic kidney cell line. 

1.2 Nanotechnology-based nanocarriers 

Currently, the standard of care for newly diagnosed GBM consists of maximal safe surgical 

resection followed by the Stupp protocol, i.e., radiotherapy (RT) plus adjuvant chemotherapy 

with temozolomide (TMZ). However, the two-year survival rate for GBM patients is only 

26.5%, indicating a need for better treatment options. Nanoparticles (NPs) have emerged as 

highly potential drug delivery vehicles, which can protect and deliver therapeutics to sites of 

disease. NPs include lipid-based, polymer-based and inorganic NPs. Polymeric NPs, micelles, 

dendrimers, liposomes (LPs), nanostructured lipid nanocarriers (NLCs), solid lipid NPs 

(SLNs), inorganic NPs and protein-based (LDL, albumin) nanoparticles are being investigated 

for use in GBM therapy (Table 1). 

1.2.1 Stimuli-responsive DDSs   

Drug delivery systems are used to encapsulate a wide range of therapeutic moieties, including 

chemotherapeutics (e.g. doxorubicin, paclitaxel, TMZ), nucleic acids (e.g. siRNA, miRNA, 

mRNA, plasmid DNA), and proteins (e.g. toxins, antibodies, enzymes). An ideal DDS is 

expected to specifically release its entrapped cargo at the target site. To induce controlled 

release from DDSs at target (e.g. tumor) sites one can make use of certain stimuli, e.g. 

exogenous stimuli, such as temperature103–105, light106–108, magnetic field109–111 and 

ultrasound112–114. In addition, the lower pH value; hypoxia115–120; higher concentration of 

glutathione (GSH)121–123, reactive oxygen species (ROS)124, ATP concentrations125–127; and  

highly expressed enzymes128–130 within the tumor microenvironment can be used to minimize 

the distribution of drugs in normal tissues, and achieve targeted release of drugs at the tumor 

site. Furthermore, combining responsiveness to multiple stimuli, e.g. temperature and 

ultrasound; pH and redox; enzyme and pH; light and temperature and magnetic field, may 

provide even more accurate control over drug delivery and drug dosage at the target site 131–

134.  

1.3 Targeted nanocarriers for GBM treatment  

Nanocarriers offer significant advantages, such as increasing the stability and prolonging the 

circulation half-life of a drug in the body. In addition, surface modification of nanocarriers, by 

the use of coatings or attachment of targeting moieties, may yield equivalent or better 

therapeutic effects with a smaller drug dose via targeted delivery of drugs to malignant tissues 

or tumor cells, thereby reducing side effects. 

1.3.1 Passive targeting strategies for GBM 

In 1986, it was discovered that tumors showed an increased microvascular permeability for 

large-molecular-weight proteins and dextrans in comparison to normal tissue135,136. Since then, 

the enhanced permeation and retention (EPR) effect of nanoparticles by passing through gaps 

between tumor vascular endothelial cells has been considered an important factor in the design 
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of nanocarriers. Over more than two decades, researchers have tuned the size, shape, and 

surface properties of nanoparticles to enhance penetration of nanoparticles from blood vessels 

to solid tumors for tumor diagnosis and treatment. For example, in order to achieve effective 

penetration in tumor tissues and avoid being cleared by the kidneys and the circulatory 

endothelial system, the size of the nanocarriers is usually kept between 50 and 200 nm. 

Moreover, nanocarriers with a hydrophilic surface by decoration with hydrophilic polymers

（e.g. polyethylene glycol, dextran, chitosan）can be “stealthily” transported through the 

bloodstream, resulting in a prolonged circulation half-life in vivo137–141.  

In 2020, Sindhwani et al. used an ingenious Zombie mouse model and a combination of tools 

including intravascular imaging to investigate tumor accumulation of NPs. They demonstrated 

that up to 97% of nanoparticles enter solid tumors via active transport across endothelial cells, 

and rarely via passive extravasation through inter-endothelial gaps142. This result questions the 

role of the EPR effect in the tumor accumulation of nanoparticles. Instead, it indicates that 

effective trans-endothelial transport of nanoparticles seems crucial for the treatment and 

diagnosis of tumors. 

1.3.2 Active targeting strategies for GBM 

Active targeting DDSs are characterized by their ability to recognize and bind to receptors or 

biomolecules that are preferentially overexpressed at the target site. Over the years, several 

receptors have been identified and studied for active targeting of DDSs to GBM, such as the 

transferrin receptor (TfR) that is highly expressed on the cerebral endothelial cells of GBM143–

149.; the low-density lipoprotein receptor (LDLR)150–155, αvβ3 integrin156–162, D-Glucose 

Transporter (GLUT)163–165 that is overexpressed on cerebral endothelial cells and GBM cells; 

Epidermal growth factor receptor (EGFR)166–168, in particularly, epidermal growth factor 

receptor variant III (EGFRvIII)82,169,170, interleukin-13 Receptor α Chain Variant 2 

(IL13Rα2)171–175 and fibroblast growth factor-inducible 14 (Fn14)176-179 that is overexpressed 

in many GBM tumors but rarely expressed in normal brain tissue. A dodecamer peptide (G23) 

was identified and decorated on NPs enabling effective transcytosis across BBB in vitro and 

vivo, and stimulating NPs uptake in GBM cells and penetration into 3D GBM spheroids34,180,181. 

1.4 Nanomaterials for GBM gene therapy 

A large number of preclinical and clinical studies utilizing gene therapy and immunotherapy 

have reported significant anti-tumor effects for GBM. Gene therapy for GBM includes the 

delivery of growth-regulating or tumor-suppressing genes, suicide genes, and RNA 

interference (RNAi), while immunotherapy typically uses oncolytic viral particles, targeted 

antibodies and immunomodulatory cytokines182–184. Immunogene therapy is the combination 

of both immuno- and gene therapy. It involves the transfer of genes encoding proinflammatory 

proteins into tumor cells and transfer of proinflammatory genes and/or tumor antigen genes to 

antigen-presenting cells. The gene transfer can be performed in vivo or ex vivo, i.e., while 

preparing an anticancer vaccine. Vectors for gene therapy include viral vectors and non-viral 

vectors. Viral vectors that are able to infect neurons and glial cells, such as neurotropic 

herpesviruses185,186 and adenoviruses187 are already used for GBM gene therapy in clinical 

trials (e.g. Clinical Trial Number: NCT02414165, NCT00589875). In addition, non-viral 

vectors such as non-polymeric NPs (e.g. liposomes, gold NPs) and polymeric NPs (e.g. 
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polymeric micelles, dendrimers, and PLGA NPs) have already shown promise for glioma 

immunogene therapy in preclinical and clinical studies because of the following advantages: 

1) reduction of off-target toxicity and severe dose-limiting toxicity (e.g. cytokine storm) in 

immunotherapy by modification and functionalization of nanoparticles188–190; 2) enhanced 

interactions between nanoparticles and innate immune cells (e.g. dendritic cells and 

macrophages) by tuning the physicochemical properties of nanoparticles191; 3) usability of 

optical, magnetic and electrical properties of nanoparticles for diagnosis, i.e., theranostic 

nanoparticles192–194. Preclinical studies and clinical trials on nanoparticle-based glioblastoma 

therapy are outlined in Table 2. 

Table 2. Nanoparticle-based GBM gene and/or immunotherapy. 

Gene Therapy and 

Immunotherapeutic agents 

Delivery 

platform or 

modality 

model 
Combination 

Therapy 

Clinical 

trial 

number 

(phase); 

Status; 

Refs 

SGT-53, liposomal 

nanocomplex 

encapsulating human wild 

type p53 gene and TMZ 

Liposome Patient  

Gene therapy 

and 

chemotherapy 

NCT02340

156 (2); 

terminated  

NU-0129, gold 

nanoparticle complex with 

siRNA against Bcl2L12 

Spherical Gold 

NPs 
Patient Gene therapy 

NCT03020

017 (Early 

1); 

completed; 
195 

siCD146 

chitosan 

oligosaccharid

e lactate 

(COL) 

nanoparticles 

(NPs) 

orthotopic 

glioma 

mouse 

(RSV-M 

cells and 

U87MG 

cells) 

Gene therapy 196 

si- GPX4 and cisplatin (Pt)  

iron oxide 

nanoparticles 

(IONPs) 

orthotopic 

glioma 

mouse 

(U87MG 

cells)  

Gene therapy 

and 

Chemotherapy  

197 

IDO inhibitor 
Hf-based 

nanoscale 

metal–organic 

subcutaneou

s glioma 

mouse 

(U87MG) 

Immunotherapy 

and 

Photodynamic 

therapy 

198 
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Hf, hafnium; IDO, indoleamine 2,3-dioxygenase; siCD146, CD146 small-interfering RNA (siCD146); 

si-GPX4, siRNA targeting glutathione peroxidase 4; CNC-Au NPs, cellulose nanocrystal (CNC)-gold 

nanoparticle; 1MT, 1-methyltryptophan; DTX, docetaxel  

1.5 Aim of the thesis  

At present, only few chemotherapeutic agents have been approved for GBM treatment by the 

US Food and Drug Administration (FDA), i.e., the DNA alkylating agents temozolomide, 

carmustine, and lomustine. In addition, the monoclonal antibody bevacizumab and tumor-

treating fields were approved for GBM treatment. However, when given in addition to surgical 

removal of the tumor, these therapies provide little survival benefit for GBM patients202.  

Therefore, this thesis is focused on the development of other drugs for adjuvant treatment of 

GBM, and enhancement of the effectiveness of current drugs, e.g. through the use of 

nanocarriers.  

Curcumin, a natural phenolic compound extracted from Curcuma longa rhizomes, has been 

widely used as herbal medicine for its pleiotropic anti-inflammatory, antimicrobial and 

anticancer activities. However, the use of curcumin is greatly hindered by its low 

bioavailability in both plasma and tissue because of its poor water solubility, poor absorption, 

rapid metabolism and rapid systemic elimination. In addition, its use for GBM treatment is 

hindered by the presence of the blood-brain barrier (BBB) or blood-brain tumor barrier 

(BBTB), which prevents its transport from the blood to the brain.  

To improve the stability of curcumin during systemic administration and stimulate its transport 

across the BBB, we designed G23 peptide-modified zein nanoparticles for curcumin delivery 

across the BBB and inhibition of the proliferation of glioma cells, as presented in Chapter 2.  

Moreover, as single-agent chemotherapy usually leads to drug-resistance due to the 

heterogeneous nature of GBM tumors, and ultimately leads to tumor recurrence and metastasis. 

framework 

(nMOF) 

1MT- immune checkpoint 

inhibitor and DOX 

iRGD-

modified silica 

NPs 

GL261-luc 

orthotopic 

GBM mice 

Immunotherapy 

and 

chemotherapy 

199 

CpG- Toll-like receptor 9 

(TLR9) agonist and DTX 

High-density 

lipoprotein 

(HDL)-

mimicking 

nanodiscs 

GL26 

orthotopic 

GBM mice 

Immunotherapy 

and radiation 

therapy 

200 

wild-type p53 gene and 

anti-PD-1 

liposome 

nanocomplex 

GL261 

orthotopic 

GBM mice 

Gene therapy 

and 

immunotherapy 

201 
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In Chapter 3, we focused on enhancing glioma cell sensitivity to first-line chemotherapy with 

temozolomide (TMZ). For this purpose, we first developed a TMZ formulation with enhanced 

solubility and stability of TMZ by loading TMZ in H-β-cyclodextrin (TMZ@CD). Next, the 

effect of combination therapy with TMZ@CD and curcumin-loaded zein nanoparticles on 

GBM cell survival was investigated in 2D and 3D GBM cell cultures. In addition, the effect 

of combination therapy on the sphere-forming capacity of GBM stem cells was evaluated, as 

stemness has been linked to chemo-resistance and tumor recurrence. 

Gene therapy is a promising strategy for treating various human diseases, including cancer, 

but the lack of a safe and effective gene delivery vector hinders its development. The use of 

viral vectors for gene delivery faces a.o. safety concerns related to immunogenicity, a limited 

transgene capacity, and challenges to scaling up vector production, while non-viral gene 

vectors generally have a low transfection efficiency. 

In previous work, we showed that low nanogel stiffness promotes nanogel transport across an 

in vitro BBB model. Because nanogels typically have a high capacity for loading hydrophilic 

compounds, e.g. genes, we investigated in Chapter 4 the usability of p(NIPAM-co-

DMAPMA)-based nanogels for gene delivery, by evaluation of DNA-loading capacity, 

cellular uptake via endocytosis, and endosomal escape of the genetic cargo.  
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