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Abstract 

Glioblastoma multiforme is the most aggressive form of malignant brain tumor with poor 

prognosis. The efficacy of brain cancer treatment by chemotherapeutics is limited by the blood-

brain barrier (BBB) which allows less than 2% of the small molecules and blocks almost all the 

macromolecules to transport into the brain. Delivery of the large molecules such as proteins 

and nucleic acids across the BBB is a great challenge for brain-targeted drug delivery. To 

overcome this obstacle, cell-penetrating peptides (CPPs) were used as vectors for delivery of 

nucleic acids across the BBB targeting glioblastomas. The CPPs have shown such promising 

carriers to deliver various cargoes ranging from small molecules to large molecules into the 

cells. This thesis is focused on the development of glioblastoma-targeting vectors based on 

modifications of the CPPs and the targeting peptides. The peptide-based vectors were devel-

oped to improve the transport of the nucleic acids across the BBB and specifically target glio-

blastomas.  

In this thesis, a series of peptide-based vectors targeting glioblastomas were synthesized 

and modified with targeting peptides by either covalent conjugation or non-covalent complex 

formation. The delivery of plasmid DNA (pDNA) in the complex with the peptide-based vec-

tors was studied in the in vitro model of the BBB. The role of receptors expressed on the BBB 

was investigated. Scavenger receptors class A and B were found to be expressed on the BBB, 

and they were involved in the delivery of the pDNA across the BBB model. Moreover, various 

targeting peptides were modified with hexaglutamate to form non-covalent complexes with the 

CPPs for small interfering RNA (siRNA) delivery to glioblastoma cells. The non-covalent com-

plex of the CPP and the targeting peptide showed greater gene-silencing efficiency than the 

consecutively covalent conjugation of the CPP and the targeting peptide for siRNA delivery to 

glioblastoma cells. Lastly, a number of novel, amphipathic peptides were developed based on 

the model amphipathic peptide. The prediction of the biological effect of the designed peptides 

using quantitative structure-activity relationship model showed a correlation with the experi-

mental data.  

Finally, the CPP-based nucleic acid delivery vectors with homing peptide strategy have 

a potential for the BBB shuttle and the future use as a glioblastoma-targeted drug carrier in the 

in vivo studies and the clinical applications.  
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1 Introduction 

The blood-brain barrier (BBB) is a great obstacle that restricts almost all the 

macromolecules to transport into the brain due to its manifestation and the high 

resistance. Delivery of highly charged macromolecules such as proteins and nucleic 

acids across the plasma membrane remains a hurdle for the drug transport. Cell-

penetrating peptides (CPPs) have been shown a promising drug carrier bringing a wide 

variety of cargoes into the cells. In this thesis, several CPPs were linked to the glioma-

targeting peptides, either by covalent conjugation or by non-covalent complex 

formation, to enhance the transport of nucleic acids via receptor-mediated endocytosis 

in glioblastoma cells. Moreover, the quantitative structure-activity relationship (QSAR) 

model was used to predict the novel, efficient CPPs based on the model amphipathic 

peptide. Notably, the efficient peptide-based carriers for plasmid DNA (pDNA) and 

small interfering RNA (siRNA) delivery to glioblastomas were identified from the in 

vitro studies, showing a promising drug carrier for future applications in the in vivo 

study and the clinical use.  
 

1.1 Glioblastoma and epidemiology 
 

Gliomas are the most common primary intracranial tumors, accounting for ap-

proximately 81% of all malignant brain tumors [1]. The gliomas represent all tumors 

that are originated from glial cells, also including astrocytomas. Glioblastoma or glio-

blastoma multiforme (GBM) is the most aggressive form of gliomas, accounting for 

54% of all gliomas; it is classified as grade IV astrocytoma regarding high invasion and 

rapid growth with a median survival 15 months after interventions [2]. Approximately 

13,000 people die annually from GBM in the United States, and only 10% of patients 

survive for five years [3]. Moreover, there are 18,000 new cases of primary brain and 

central nervous system (CNS) tumors occurring annually [4]. Based on the 2015 Cen-

tral Brain Tumor Registry of the United States (CBTRUS) report, the average annual 

age-adjusted incidence in 15-39 years old is 3.26 per 100,000 population, and the inci-
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dence rate in 0-14 years old is 3.73 per 100,000 population [5]. The brain tumor inci-

dence data from CBTRUS for the 10-year period (1985-1994) showed 0.9% of an av-

erage annual increase in incidence [4]. Primary malignant and benign brain tumors were 

estimated to be newly diagnosed in 35,591 American people in 2001 [6]; the high-risk 

factors for brain tumors incidence are speculated from exposure to high doses of 

ionizing radiation and selected congenital and genetic disorder [7]. However, several 

studies continue to suggest that the workplace, dietary, and personal and residential 

exposure might cause brain tumors as well. Therefore, the understanding of the disease 

incidence might result from the well-studied histological and molecular tumor types 

together with the assessment of the relevant information of the risk factors [6]. Several 

studies have reported that many genetic aberrations are involved in the glioma tumor-

igenesis. The genetic alterations, which are gene deletion, amplification, and mutation, 

are responsible for the changes in tumor morphology, leading to accelerating tumor 

growth [8–10]. Understanding the particular molecular alterations and pathophysiology 

of the disease is the first step for the development of efficient treatment [9]. The stand-

ard treatment of GBM for over 50 years has not changed, surgery, followed by radio-

therapy and chemotherapy [10]. However, these general treatments have shown poor 

outcome and ultimate failure; treating GBM is such a great challenge to prolong sur-

vival and overcome the resistance after the interventions. Recent glioblastoma thera-

peutic research has focused on identification of genetic abnormalities, signaling path-

ways to develop promising molecular-based targeted therapies and also modulate the 

immunological responses, providing the opportunities for the disease eradication [11]. 

  

 
1.2 The blood-brain barrier 

 

Brain-targeted drug delivery remains a challenge for treatment of CNS diseases. 

There are two critical problems with the drug delivery to the brain: the presence of the 

BBB and poor bioavailability to particular brain region [12]. The bioavailability to the 

brain is limited by drug stability, volume of distribution, metabolism, lack of specificity 

to the active target site. Additionally, high resistance of the BBB restricts the delivery 

of most therapeutic agents, resulting in excluding almost all the macromolecules and 

allowing less than 2% of the small molecular drugs to cross the BBB [13]. Certain small 

molecular drugs with high lipid solubility, molecular mass � 400 Da, and � 8 hydrogen-
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bond forming can cross the BBB through lipid-mediated transport [14]. Hence, the BBB 

is a critical obstacle limiting the access of therapeutic agents to the CNS. 

 The BBB is a highly selective permeable barrier between the CNS and the 

blood circulation located at the level of the endothelial cells of the brain microvascular 

capillaries [15]. The BBB was first discovered by Paul Ehrlich in 1885, reporting the 

evidence for the existence of the barrier between the blood and the brain. He found that 

the hydrophilic dye, trypan blue, was injected into the blood circulation and the dye did 

not stain the brain, spinal cord, and retina as other tissues [16]. Twenty-eight years later, 

Goldman observed that the injection of the water-soluble dye in the cerebrospinal fluid 

did not diffuse to peripheral organs as found in the brain [17]. 

After the development of the electron microscopic technique, the cerebral 

endothelial cells were identified as a cellular basis of the BBB. These brain capillary 

endothelial cells distinctively differ from other endothelial cells in the remaining body 

in both morphological and molecular properties [18]. The cerebral endothelial cells are 

connected by tight junctions, providing a high transendothelial electrical resistance 

(TEER) of 1500-2000 Ω cm2 [19], whereas the TEER of the peripheral vessels is 

approximate 2-30 Ω cm2 [20]. Tight junctions completely prevent the paracellular 

diffusion of the exogenous substances from peripheral system to the CNS due to the 

tight junctional complexes. Tight junctional proteins are composed of an intricate 

combination of tight junctions, transmembrane and cytoplasmic proteins linked to an 

actin-based cytoskeleton, and adherens junction, illustrated in Figure 1. 

The integral membrane proteins consist of three main proteins: claudins, 

occludin, and junctional adhesion molecules (JAMs) [21]. Claudin 3 and 5 are mainly 

present in the brain endothelial cells to restrict the BBB permeability, and together with 

occludin regulates the tight junction structure to decrease the paracellular permeability 

[22]. The cytoplasmic regulator proteins zonula occluden 1-3 (ZO-1, -2, and -3) link to 

claudins and occludin and interact with the actin cytoskeleton to maintain the tight 

junction stability. The adherens junction comprises of membrane protein cadherin that 

connects to the actin cytoskeleton via protein catenins forming adhesive contacts 

between the endothelial cells; they are also essential for the formation of tight junctions 

[23]. Also, there are three more components of the BBB maintaining the brain integrity: 

capillary basement membrane, astrocyte, and pericyte. Highly impermeable BBB 

causes limiting transport of the brain drug targeting and the macromolecules such as 

protein, peptide, and gene therapeutic agents from the blood to the brain.
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1.3 Transport pathways across the BBB 

Several potential transport routes mediate various molecules across the BBB, 

depending on the characteristics of solute molecules. The substances can diffuse into 

the brain via paracellular and transcellular pathways [24]. Small water-soluble com-

pounds can diffuse through the tight junctions through the paracellular pathway [25], 

whereas small lipophilic molecules with a molecular weight � 400 Da can cross the 

BBB via transcellular diffusion [26], illustrated in Figure 2. In practice, few drug 

candidates fit these two criteria and also do not cross the BBB [14]. The chemistry-

based approach by alteration of the chemical structures still has limitation for drug de-

livery to the brain. Consequently, to understand the endogenous transport systems on 

the BBB, such as carrier-mediated transport, receptor-mediated transcytosis, and ad-

sorptive-mediated transcytosis, is required to overcome the BBB restriction and im-

prove the potential of CNS drug candidates. 

The endogenous transporters are classified into three categories: carrier-medi-

ated transport, active efflux transport, and receptor-mediated transcytosis. Carrier-me-

diated transport is responsible for the passage of small molecules such as glucose and 

amino acids across the BBB through their specific carriers, whereas active efflux 

transport is actively drug efflux transporter via P-glycoprotein (Pgp), pumping out the 

drug from the brain [27]. Receptor-mediated transcytosis is responsible for the transport 

of the large molecule peptides such as transferrin and insulin via vesicles [28]. Another 

vesicular mechanism, adsorptive-mediated transcytosis is a non-specific binding of 

positively charged peptides/proteins with the negatively charged luminal plasma mem-

brane surface such as sialic acid moieties and heparin sulfate proteoglycan triggering 

the uptake by electrostatic interaction [29]. The adsorptive-mediated transcytosis pro-

cess provides both binding and uptake of cationic molecules from the luminal surface 

and then exocytosis to the abluminal side. Thus, adsorptive-mediated transcytosis is the 

main pathway for cationic proteins [30], polyamines such as putrescine, spermidine, 

and spermine [31], and CPPs such as synB [32], penetratin [33], and Tat [34]. The 

adsorptive-mediated transcytosis is considered to be a non-specific transport via 

vesicles which is not involved in the particular proteins.     

Tight junctions generate high TEER values up to 2000 Ω cm2 in in vivo studies. 

Therefore, all macromolecules are impossible to cross the BBB. The large molecules, 

such as neuropeptides, recombinant proteins, monoclonal antibodies, and gene-based 
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therapeutic agents, are mainly permitted to cross the BBB through receptor-mediated 

transcytosis [35, 36]. As a result, receptor-mediated transcytosis provides a promising 

pathway for the macromolecular drugs and has been extensively studied for the brain 

targeting [37, 38]. Additionally, this approach is involved in the homing devices for 

site-specific delivery in the brain using endogenous transport mechanism and advanta-

geously increase the number of therapeutic agents, thereby reaching the pharmacolog-

ical response level and also reducing the systemic side effects [39]. 

Receptor-mediated transcytosis is an essential route for the transport of the 

large molecules such as peptides and proteins across the BBB. Specific receptors are 

expressed in the brain endothelial cells inducing a trans-vesicular mechanism. There 

are several receptors presented on the luminal side of the brain endothelial cells which 

could be a major target for the brain drug targeting delivery such as transferrin receptor 

[40], insulin receptor, low-density lipoprotein receptor-related protein 1 and 2 (LRP-1 

and -2), diphtheria toxin receptor [41], glutathione transporter [39], scavenger receptors 

(SR-AI and SR-BI) [42]. A general mechanism of receptor-mediated transcytosis 

occurs in three main steps [43], illustrated in Figure 3. 

(1) Receptor-mediated endocytosis of the macromolecules at the luminal 

(blood) side, peptides or proteins bind to its specific membrane receptor inducing an 

endocytic vesicle in the endothelial cells. The receptors can move into the membrane 

and collect in the coated pits. 

(2)  Endocytic vesicles move through the cytoplasm of the endothelial 

cells; the coated pits trigger the formation of endocytic vesicles to carry the large mol-

ecules crossing endothelial cells. Then the vesicles lose the coated pits and fuse with 

the endosome. After that, the ligands dissociate from the receptor, and the free receptor 

is recycled back to the membrane surface. 

(3) Exocytosis of the ligands at the abluminal (brain) side of the brain 

endothelium, the proteins/peptides are released to the brain parenchyma. Remarkedly, 

some internalized vesicles may fuse with the lysosome resulting in the degradation of 

the ligands.      
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Receptor-mediated endocytosis and transcytosis are basic processes of site-spe-

cific delivery for the uptake of the macromolecules through the endogenous transporter. 

The receptor-mediated transcytosis system at the BBB aims to reach the targets in the 

brain and consequently enhance the drug level in the target tissues [44]. There is a wide 

variety of receptors expressed in the brain endothelial cells allowing the selective/spe-

cific molecules to transport across the BBB. In this study, the main receptors for homing 

peptides on brain endothelial cell surface are low-density lipoprotein receptor family, 

scavenger receptors, nicotinic acetylcholine receptor, and laminin receptor.  

 

   

1.4 Receptors expressed in the BBB  

 
Drugs or nanocarriers can be designed to target specific receptors that facilitate 

the transport across the BBB through endocytosis and transcytosis. Characteristics of 

the targeted receptors and the targeting ligands are of importance for considerations for 

brain drug targeting delivery via receptor-mediated transcytosis pathway. 

 

1.4.1 Low-density lipoprotein receptor-related protein 1 (LRP-1) 
 

Low-density lipoprotein receptor-related protein (LRP) is a member of low-

density lipoprotein receptor which is a multifunctional, multiligand scavenger, and sig-

naling cell surface receptor. LRP is highly expressed in the BBB [45], the cerebellum, 

cortex, hippocampus, and brain stem, and the expression of LRP is moderate in both 

human cerebral and cerebellar astrocytes [46]. Moreover, LRP is over-expressed in ma-

lignant astrocytomas, especially in glioblastomas [47]. LRP is one of the largest known 

cell surface proteins (600 kDa) with multifunctional properties binding to a broad vari-

ety of proteins such as proteases, protease inhibitor complexes such as plasminogen 

activators, plasminogen activator inhibitor-1, α2-macroglobulin (α2M) [48]. LRP-1 has 

been reported to mediate the transport of �-amyloid peptides across the BBB [49], and 

it is genetically connected to Alzheimer’s disease and may influence the �-amyloid 

precursor protein processing [50]. 

LRP-1 (known as a α2-macroglobulin receptor or CD91) is ubiquitously 

expressed, and it is type I transmembrane receptor [51]. To investigate the expression 

of LRP, reverse transcription-polymerase chain reaction (RT-PCR) analysis indicated 
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both LRP-1 and -2 were expressed in brain homogenate as well as brain capillaries. 

However, western blot analysis showed that only LRP-1 was detected in human brain 

capillaries, whereas LRP-2 was undetectable. After all, LRP-1 is expressed at the BBB 

as well as in primary and secondary brain tumors [52]. LRP-1 acts as the main regulator 

of inflammation in atherosclerosis, cancer, and injury in the nervous system [53]. LRP-

1 expression is also related to malignancies, indicating that LRP-1 is substantially 

expressed in hypoxic conditions and may regulate cancer invasion and metastasis [54].  

LRP-1 was first characterized as a receptor for apolipoprotein E (ApoE) [55] 

and activated form of α2M [56]. The targeting ligands for LRP-1 include natural 

ligands, such as human melanotransferrin (p97), receptor-associated protein (RAP), 

lactoferrin [22], and synthetic peptides such as angiopep-2 (ANG) [57] and peptide 

analog of ApoE3 [58]. The synthetic peptides are advantageous as targeting ligands due 

to their low toxicity and high specificity [22]. p97, RAP, lactoferrin, and ANG have 

shown the ability to target and transport across the brain endothelial cells, indicating 

that ANG and p97 enabled greater transcytosis than transferrin and lactoferrin [52, 59]. 

As a result, LRP-1 is one of the crucial receptors facilitating the transport of brain 

cancer therapeutics. 
 

 

1.4.2 Scavenger receptors 

 
Scavenger receptors (SRs) are classified as a membrane-bound protein with 

multidomain structures, and its family consists of 8 different classes: A to H, encoded 

by distinct and unrelated genes, illustrated in Figure 4 [60]. SRs are a family of cell 

surface glycoproteins which can bind a diverse range of endogenous and exogenous 

molecules such as modified lipoproteins, oxidized LDL (oxLDL) and acetylated LDL 

(acLDL), polyanionic ligands, polyribonucleotides, polysaccharides, albumin, gram-

negative and gram-positive bacteria [61, 62]. Brown and Goldstein first defined 

scavenging activity of the receptor to uptake and bind modified LDL in atherosclerotic 

plaques [63]. SRs usually bind to modified LDL particles and other polyanionic ligands. 

The negatively charged ligands interact to the conserved positively charged residues of 

the SRs, initiating the internalization of the ligands into the cells via either clathrin-

dependent or independent pathway [60, 61]. 
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SRs class A type I and class B type I (SR-AI and SR-BI) are expressed in brain 

capillary endothelial cells, particularly SR-BI [42, 64, 65]. SR-BI is responsible for the 

endocytosis of acLDL into the brain endothelial cells, whereas SR- AI mediates the 

transcytosis of amyloid beta 1-40 from the blood into the brain [42]. Nakamura et al. 

studied the cellular uptake of naked plasmid DNA (pDNA) with cationic liposome com-

plexes across primary cultures of bovine brain microvessel endothelial cells in the BBB 

in vitro model. They demonstrated that both naked pDNA and the pDNA/liposome 

complexes associated with brain microvessel endothelial cell monolayers at 37�C and 

significantly decreased at 4�C. Additionally, the binding occurs in the presence of pol-

yanions such as polyinosinic acid and dextran sulfate (ligands for macrophage SRs), 

but not by polycytidylic acid and EDTA. In conclusion, the naked pDNA and 

pDNA/cationic liposome complexes were taken up into brain microvessel endothelial 

cell monolayers via the SR as well as the uptake mechanism of polyanionic ligands 

[66]. Another study by Patel et al. showed that the SRs mediated cellular uptake of 

oligonucleotide-functionalized gold particles; subsequently, the interaction between na-

noparticles and the receptors was blocked by the synthetic polynucleotides mimicking 

the structure of SR ligands [67]. Remarkedly, SRs are widely expressed in the brain 

endothelial cells and also play a vital role in the uptake of a variety of molecules across 

the BBB, suggesting it to be a great target for brain drug delivery. 

 

 
 

Figure 4 Scavenger receptor family members, class A-H. C represents C-terminus and 

N indicates N-terminus of the protein, adapted from reference [62]. 
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1.4.3 Neuronal nicotinic acetylcholine receptor 

 
Neuronal nicotinic acetylcholine receptors (nAChRs) are ligand-gated cation 

channel binding to endogenous neurotransmitter acetylcholine (ACh) and exogenous 

tertiary alkaloid nicotine [68]. nAChRs are ionotropic receptors consisting of a 

pentameric structure with 12 different subunits (α2-α10 and �2-�4) [69]. They are 

differently expressed in many regions of the CNS and peripheral nervous system, 

including BBB, astrocytes, neurons, and peripheral tissues, enabling transport of 

nanoparticles (NPs) across the BBB [70]. nAChRs are divided into three main 

subgroups, the high-affinity nicotine binding receptors harboring nAChRα4, α-

bungarotoxin binding proteins composed of nAChRα7, and the receptors of an 

autonomic nervous system composed of nAChRα3/�4 subunits [71]. Targeting ligands 

for nAChRs, such as peptide derived from rabies virus glycoprotein (RVG), candoxin, 

and α-bungarotoxin (α-BTX), are used to mediate the transport to the brain. The RVG 

conjugated with nonaarginine (R9) enabled to bind and transduce siRNA to neuronal 

cells. After intravenous injection into mice, RVG-R9 delivered siRNA to the neuronal 

cells crossing the BBB, resulting in specific gene-silencing within the brain [72]. The 

RVG was also modified on dendrimer for pDNA delivery enhancing brain targeting of 

the carrier [73]. A 16-residue peptide derived from the loop II region of the snake 

neurotoxin candoxin was reported to bind nAChR at α7 with high affinity and 

selectivity. A conjugation of candoxin with paclitaxel-loaded micelles inhibited tumor 

growth in intracranial glioblastoma-bearing mice and prolonged their survival [74]. 

Finally, nAChR is capable of a target of choice for the brain-targeted drug carriers. 

 

 

1.4.4 Laminin receptor 

 
The 67-kDa laminin receptor is a multifunctional cell surface protein with high-

affinity binding to its corresponding ligand laminin, an extracellular matrix 

glycoprotein [75]. It was originally identified as a receptor regulating laminin-1 

interactions with integrins [76, 77]. The 37-kDa laminin receptor precursor is a 

precursor form of the 67-kDa laminin receptor which was first isolated in 1983 from 

murine melanoma cells due to its high binding capacity to laminin [78]. The dimeric 
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form of 37-kDa/67-kDa laminin receptor presenting in the plasma membrane of the 

mammalian cells [79] is reported to interact with the cellular prion protein (PrPc) [80, 

81] as well as infectious abnormal prion proteins (PrPSc). It is also a receptor for viruses 

such as Dengue, Alpha, and Adenoassociated viruses; the 37-kDa/67-kDa laminin 

receptor plays more roles in cell biological processes such as cell adhesion and cell 

growth [75]. The laminin receptor is involved in an initial and essential step of tumor 

cell attachment to the basement membrane during metastasis [82]. Additionally, the 

predominantly caused meningitis bacteria, Streptococcus pneumoniae, Haemophilus 

influenzae, and Neisseria meningitidis, were speculated to bind to the laminin receptor 

at the endothelium of the BBB and cross this barrier to access into the cerebrospinal 

fluid of the subarachnoid space [83].  
 

 

1.5 Cell-penetrating peptides 

 
The plasma membrane of eukaryotic cells is a great controlled barrier restricting 

the unregulated influx of the exogenous molecules. Identification of short peptide se-

quences that efficiently translocate across the plasma membrane is a breakthrough for 

the cell transduction in the late 1980s [84]. The ability of active peptides to traverse 

biological membranes became a promising tool for highly charged macromolecule 

delivery into the cells; the active peptides are called protein transduction domains 

(PTDs) [85] or CPPs. CPPs are commonly cationic or amphipathic consisting of 2-30 

amino acid residues with the potential to transport across the plasma membrane alone 

or together with cargoes [86, 87]. The CPPs can deliver a variety of different cargoes, 

ranging from small oligonucleotides (ONs) to large proteins and pDNA [88, 89]. The 

first Tat protein from human immunodeficiency virus (HIV-1) encoding trans-acting 

activator protein was discovered in 1988; the 86-amino acid Tat protein was chemically 

synthesized, and it was rapidly taken up by the cells [84]. In addition, cultured mam-

malian cells were treated with Tat protein and chloroquine showing the localization of 

the Tat protein in the nucleus, and the chloroquine could protect the Tat protein from 

proteolytic degradation [90]. In 1997, Vivès et al. showed that a truncated HIV-1 Tat 

protein was able to translocate through the cell membrane together with fluorescein and 

immunofluorescence using a monoclonal antibody [91]. In 1994, Derossi et al. demon-

strated that a 16-amino acid long polypeptide from the third helix of Antennapedia 
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homeodomain of a Drosophila antennapedia transcription factor, namely penetratin, 

effectively internalized into the cells at 37 and 4 �C followed by conveying to the nu-

cleus of the cell cultures [92, 93]. Penetratin was used to functionalize the poly(ethylene 

glycol)-poly(lactic) NPs to enhance the brain uptake and reduce accumulation in non-

target organs in vivo [94]. After the discovery of Tat and penetratin, the number of 

peptides is growing in the family of CPPs. 

According to the origin of peptides, CPPs are classified into three major classes: 

protein-derived, chimeric, and designed or synthetic peptides (Table 1). Chimeric 

peptides are composed of two or more motifs from different peptides such as 

transportan, consisting of mastoparan and galanin sequences, and its truncated analog 

called transportan 10 (TP10) [95]. Synthetic or designed CPPs are rationally designed 

sequences based on the structure-activity relationship studies [96]. A variety of CPPs, 

such as polyarginine, Syn B, PepFects, are extensively used as delivery carriers to the 

brain; for example, R9 conjugated with RVG (RVG-R9) can transduce siRNA across 

the BBB to the CNS [72]. In addition, Syn B peptides derived from antimicrobial pep-

tide protegrin 1 (PG-1) are a new family of cationic CPPs [97, 98]. Both SynB1 and 

SynB3 showed an efficient transport of various drugs such as doxorubicin and 

benzylpenicillin across the BBB in vivo model [32]. A modified peptide with an LRP-

1 targeting ligand ANG, namely PepFect 32 (PF32), demonstrated an efficient vector 

for pDNA delivery across the BBB in vitro model [99]. Several novel CPPs have been 

synthesized to increase the efficacy and also are chemically modified to improve the 

internalization property. For instance, using stearic acid to modify the chimeric peptide 

TP10 yielding PepFect 3 (PF3) and a series of PepFects can increase the translocation 

across the plasma membrane [88].  Moreover, stearylated arginine-rich peptides en-

hanced transfection efficiency of the pDNA into the mammalian cells, suggesting that 

the hydrophobic moiety destabilized the membrane and subsequently facilitated the cel-

lular uptake of the particles [100]. Altogether, the designed CPPs can range from simple 

polyarginine structures to more complex peptide sequences designed for helical struc-

tures or interaction with cargoes and membranes [87], depending on applications and 

purposes. 

The cargoes are linked to the CPPs by covalent conjugation or by non-covalent 

complex. The covalent conjugation is still a favorable method for delivery of small 

molecular drugs and for coupling to fluorescent labeling. However, the non-covalent 
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complex has more advantageous than the covalent conjugation. The complex formation 

strategy is a simple, stable, and versatile method since it does not require chemical 

modification [101]. Various large hydrophilic cargoes, such as ONs and pDNA, contain 

negatively charged phosphate backbone interacting with cationic CPPs through elec-

trostatic interactions to condense cargoes and CPPs together [86, 102]. To date, CPPs 

have been successfully utilized as delivery vectors for various cargoes to traverse 

biological membranes with high efficiency and low toxicity properties. 

 

 

Table 1 Examples of CPPs 

 

Peptide Sequence Ref 
Protein-derived   
Tat (48-60) GRKKRRQRRRQC [91] 
Penetratin RQIKIWFQNRRMKWKK-NH2 [92] 
pVEC LLIILRRRIRKQAHAHSK-NH2 [103] 
SynB1 RGGRLSYSRRRFSTSTGR [104] 
SynB3 RRLSYSRRRF [105] 
Chimeric (modified)   
MPG8 AFLGWLGAWGTMGWSPKKKRK-cya [106] 
Transportan GWTLNSAGYLLGKINLKALAALAKKIL-NH2 [107] 
Transportan10 AGYLLGKINLKALAALAKKIL-NH2 [108] 
PepFect 3 Stearyl-AGYLLGKINLKALAALAKKIL-NH2 [88] 
PepFect 6 Stearyl-AGYLLGK(εNHa)INLKALAALAKKIL-NH2 [109] 
PepFect 14 Stearyl-AGYLLGKLLOOLAAAALOOLL-NH2 [110] 

PepFect 32 
Stearyl-LLOOLAAAALOOLLTFFYGGSRGKRNNFK- 

TEEY-NH2 [99] 

Synthetic/designed   
Polyarginine Rn (n=6-12) [111] 
Stearyl-polyarginine Stearyl-Rn (n=6-12) [100] 
Pep-1 Ac-KETWWETWWTEWSQPKKKRKV-cya [112] 
Pep-3 KWFETWFTEWPKKRK-cya [113] 
CADY Ac-GLWRALWRLLRSLWRLLWRA-cya [114] 

 
Cya-cysteamide, O-ornithine, Ac-Acetylated 
a-Lysine tree with trifluoromethylquinoline derivative modifications 
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1.6 Targeting peptides 
 

A wide variety of targeting ligands have been used for drug delivery into the 

brain; the ligands are responsible for binding to the targeted receptors, inducing the 

cellular uptake via receptor-mediated transcytosis. For instance, RVG-R9 enabled 

transvascular siRNA delivery to the brain, mediating the transcytosis by nAChR which 

is expressed in the brain and capillary endothelial cells [72]. In the thesis (Paper I), two 

targeting peptides, glioma-homing peptide (gHo) and ANG, were conjugated with the 

CPPs to improve the specificity and enhance the delivery of pDNA to the brain cancer 

cells. Additionally, various targeting peptides, such as ANG, α-bungarotoxin (α-BTX), 

CooP, and EPRNEEK, were modified with hexaglutamate to electrostatically form 

complexes with the CPP and the cargo (Paper IV). 

 

 

1.6.1   Glioma-homing peptide  

  
Glioma-homing peptide (gHo) is a novel glioma-homing peptide identified by 

using in vitro phage display technology. gHo was covalently conjugated with a CPP 

pVEC namely gHoPe2; the fluorescently labeled gHoPe2 was able to localize in the 

tumor cells in the subcutaneous U87 mouse model. However, the localization of 

gHoPe2 was not found in the intact brain, kidney, and liver [115]. 

 

 

1.6.2 Angiopep-2  

 
Angiopep-2 (ANG) is another glioma targeting peptide interacting with LRP-1 

which is overexpressed in BBB and glioma cells [53]. ANG is a peptide derived from 

the Kunitz domains of aprotinin, a protease inhibitor, and was identified to exhibit high 

transcytosis capacity and parenchyma accumulation [57]. The studies of ANG-modi-

fied NPs demonstrated that the NPs were capable of transport across the BBB and also 

accumulation in the brain greater than the unmodified NPs [116, 117]. The potency of 

ANG became evident when it was covalently conjugated with three molecules of 

paclitaxel, also known as ANG1005 or GRN1005. ANG1005 improved the delivery of 
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the chemotherapeutic agent to the brain and the brain metastasis from breast cancer 

compared to free paclitaxel [118]. GRN1005 (formerly known as ANG1005) was 

reported in a first-in-human, phase I clinical study. It showed a good tolerability, phar-

macokinetics, and efficacy in adult patients with advanced solid tumors and brain me-

tastases, suggesting that GRN1005 can penetrate the BBB and has activity in both brain 

and other metastatic sites, despite the failure of multiple previous lines of therapy [119]. 

Currently, GRN1005 is in Phase II clinical trials for brain metastases from breast can-

cer, and the preliminary results show a 60% reduction of tumor growth in patients [120]; 

the discovery and the development of ANG in clinical use is graphically shown in 

Figure 5. Moreover, ANG has been functionalized on diverse nanocarriers, including 

CPPs [99], liposomes [121, 122], nanotubes [123], dendrimers [124, 125], nanogold 

[126], to transport small molecules, proteins or genetic materials to the brain.  

 

 

Figure 5 Discovery and development of ANG in clinical use as a BBB shuttle, 

adapted from reference [127]. 
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1.6.3 α-Bungarotoxin  

 
α-Bungarotoxin (α-BTX) is a neurotoxin from snake venom of Bungarus 

multicinctus blocking a postsynaptic neuromuscular junction [128]. Neurotoxins from 

snakes commonly bind to nAChR with high affinity (KD= 10-9-10-11 M) [129]. α-BTX 

interacts to the muscle-type nAChR at α7 subunits to prevent depolarization action of 

ACh, and it also binds to the surface of sympathetic ganglion cells and brain membranes 

[130]. α-BTX is a potent competitive antagonist binding selectively and irreversibly of 

nAChR at the neuromuscular junction of most vertebrates, thereby causing failure of 

synaptic transmission  [131, 132]. An antagonistic activity of α-BTX plays an essential 

role in the generation of end plate potentials at neuromuscular synapses [133]. 

Moreover, α-BTX has been used to characterize peripheral nAChR; specific binding of 

[125I] α-BTX to several brain regions was also reported with the binding sites in the 

hippocampus and hypothalamus [134]. α-BTX labeled with a radioactive isotope or 

fluorescent dyes are used to study the localization and binding properties of nAChR. In 

addition, fluorescently labeled α-BTX is of particular interest for visualization of the 

distribution and mobility of AChR on living cells [135].  
 

 

1.6.4 CooP 

 
CooP peptide was identified from in vivo phage display showing selective bind-

ing to invasive satellites of malignant glioblastomas and the vessels in these tumors. 

Intravenously injected CooP peptide bound selectively to intracranial U87-MG human 

gliomas and rat BT4C glioma xenografts, whereas CooP was undetectable in MDA-

MB-231 human breast cancer xenografts. CooP showed nearly 20-fold increase of the 

localization in the brain tumor, while only negligible accumulation in other organs, in-

cluding liver, kidney, lung, and normal brain, was detected. A mammary-derived 

growth inhibitor (MDGI) is a potential interacting partner and also act as a receptor for 

CooP peptide, resulting in increased binding of CooP to MDGI expressing cells [136]. 

Additionally, CooP was functionalized paclitaxel (PTX)-loading PEG-PLA NPs to ob-

tain dual targeting to MDGI expressed in glioma cells and the brain endothelial cells. 

CooP-NPs accumulated and penetrated deeper into brain tumor; the glioma-bearing 
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mice treated with CooP-NP-PTX achieved the longest survival time compared to NP-

PTX and Taxol, indicating a promising potential for glioblastoma therapy [137]. 

 

 

1.6.5 EPRNEEK peptide 

 
 A peptide derived from Streptococcus pneumonia, a pathogen causing menin-

gitis, was identified to interact with laminin receptors which are found to initiate bac-

terial contact at the BBB in experimental meningitis models [83]. EPRNEEK peptide 

was derived from the pneumococcal choline-binding protein A domain which is a trivial 

domain to bind to the laminin receptor and initiate contact between the circulating pneu-

mococcal bacteria and the BBB [82, 83]. Dendrigraft poly-L-lysines are a novel non-

viral gene vector coupling with EPRNEEK showing greater cellular uptake of pDNA 

and in vivo imaging than a control pentapeptide derived from endogenous laminin-

modified dendrigraft poly-L-lysines. Moreover, EPRNEEK peptide modified den-

drigraft poly-L-lysines NPs demonstrated a prolonged median survival time, suggesting 

it to be an efficient drug carrier for glioblastoma-targeted gene delivery [138]. 
 

 

1.7 In vitro model of the BBB 
 

Study of CNS diseases is primarily performed in the animal models; however, 

there are limitations for the animal laboratory such as high cost, lack of an appropriate 

model, and poor translational significance. Therefore, in vitro models become 

interesting tools for brain-targeted drug delivery study to complement animal and hu-

man model studies and simplify the complexity of the in vivo experimental conditions. 

There are some requirements for an ideal in vitro BBB model mimicking the in vivo 

models such as enabling to express the tight junctions between adjacent endothelial 

cells, ability to discriminate the permeability through paracellular diffusion, functional 

expression of efflux system, cost-effectiveness, and reproducibility [139].  

Primary bovine brain endothelial cells are currently considered to be the most 

acceptable in vitro model. However, the primary cell cultures are still difficult to estab-

lish and maintain over passages [140]. Several immortalized brain endothelial cell lines 
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have been established and employed as in vitro BBB models. Among the many immor-

talized brain endothelial cell lines, bEnd.3 and bEnd.5 cells are available from commer-

cial cell banks, and both are isolated from mouse brain endothelial cells [141]. bEnd.3 

cells express several tight junction proteins such as ZO-1, ZO-2, occludin, claudin-5, 

and JAMs [142] similar to the primary mouse brain endothelial cells, suggesting that 

bEnd.3 cells are a convenient and useful model for evaluation of the BBB function. 

Therefore, bEnd.3 cell monolayers become a popular cell culture used in the BBB 

model due to its easy growth and maintenance of the BBB characteristics over passages 

[143]. The study of drug delivery using bEnd.3 cells in the monoculture and the co-

culture with astrocytes in the Transwell� plate, a setup in vitro BBB model, demon-

strated that the endothelial monoculture and the co-culture models are fairly good mod-

els for the study of the transport of relatively large solutes across the BBB [142].  

In the thesis, the peptide/pDNA nanocomplexes were studied in an in vitro 

model using the Transwell� plates, consisting of two compartments: apical and baso-

lateral compartments. In this case, the apical compartment (upper chamber) was a semi-

permeable insert with pore size of 0.4 μm corresponding to the blood side, and it was 

cultured with the mouse brain microvessel endothelial cells, bEnd.3. In our system, the 

basolateral compartment (lower chamber) represents the brain side, illustrated in Fig-

ure 6. The lower chamber was seeded with glioblastoma cells U87 which were cultured 

separately from bEnd.3 cells due to chemokine interleukin-8 (IL-8) secretion promoting 

permeability of brain microvascular endothelial cells [144]. 

 

 
 

Figure 6 A setup of in vitro model of the BBB. Transwell� plate is comprised of two 

compartments: apical (upper) and basolateral (lower) compartments. 
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1.8   Gene-based therapeutics 

 
Gene therapy has emerged in the treatment of several genetic diseases, including 

cancer [145]. It provides a potential for preventing death from cancer by transferring 

genetic materials into the cancer cells with less side effect than chemotherapy [146]. 

Gene transfer is a technique in gene therapy, introducing new genes into cancerous cells 
or the surrounding tissues to diminish the growth of the cancer and induce apoptosis. 

Therefore, a wide variety of genes, such as tumor necrosis factor-α (TNF-α) gene, p53, 

and herpes simplex virus thymidine kinase (HSVtk) gene, and vectors have been used 

in clinical trials for cancer treatment [146, 147].  

Oligonucleotides (ONs) are commonly short (13-25 nucleotides) DNA or RNA 

molecules and oligomers with unmodified or chemically modified nucleotides [148]. 

Two chemical modifications are regarded, namely 2’-fluoro (2’-F) substitutions and 

phosphorothioate chemistry, since ONs with these modifications constitute versatility 

and binding affinity to the complementary targets, and those confer protection against 

degradation [149]. Today, ON-based antisense technique became the most successful 

approach for suppression and elimination of a genetic message by targeting pre-mRNA 

and mRNA before translation into protein. The technique is effective for diseases that 

cannot be treated by current drugs [150]. RNA interference (RNAi) is a process of se-

quence-specific, post-transcriptional gene silencing in eukaryotic cells, initiated by 

double-stranded RNA (dsRNA) to the silenced gene [151]. A small interfering RNA 

(siRNA) is a short 21-23 nucleotides dsRNA with phosphorylated 5’ ends and 

hydroxylated 3’ ends and two overhanging nucleotides [149, 152]. siRNA is capable of 

sequence-specific targeting and cleavage of the complementary mRNA, resulting in 

gene knockdown in mammalian cells. RNAi represents a long piece of dsRNA, whereas 

siRNA is a short version by cleavage of the fragment by enzyme Dicer (RNase III fam-

ily of endonucleases) into the appropriately sized siRNA effectors [153]. Delivery of 

antisense ON into targeted cells is of importance to transport such highly hydrophilic 

molecules across the plasma membrane. Efficient viral and non-viral vectors have been 

used in gene transfer. The viral vectors have been successful for genetic material deliv-

ery in vivo; however, they cause immunogenic responses and a serious concern for 

safety. The non-viral vectors, for example, CPPs are utilized to mediate gene delivery 

to cancer cells due to less immune responses [154–156]. 
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A plasmid is a circular, double-stranded DNA molecule that is distinct from a 

chromosomal DNA. pDNA enables sustained high-level expression, allowing for the 

development of gene therapies based on delivery of naked pDNA. To date, it has been 

known that naked DNA can be delivered to the cells, resulting in gene transfer and 

expression [157]. Delivery of pDNA encoding gene to target the organ and subse-

quently secretion of the therapeutic protein is a potential alternative treatment for ge-

netic diseases such as lysosomal storage diseases, hemophilia [158], and chronic 

inflammatory diseases [159]. During the past decade, more than 400 clinical studies in 

gene therapy have been conducted, almost 70% of the studies are used in cancer gene 

therapy [160]. Direct intratumoral injection of pDNA encoding cytokines is a promising 

new approach for the treatment of cancer [161]. For instance, intramuscular injection 

of pDNA encoding murine interferon α (mIFN-α) showed potent antitumor effects on 

primary and metastatic tumors in mice bearing subcutaneous melanoma and glioma 

brain tumor. The results demonstrated a reduction in tumor volume and enhancement 

of survival after IFN-α pDNA therapy, indicating a novel gene therapy approach for 

cancer treatment [162].  
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2 Aims of the study 

This thesis is aiming to study the biological activity and the efficacy of the de-

signed peptides for delivery of nucleic acids such as pDNA and siRNA to glioblastoma 

cells.  An in vitro model of the BBB and quantitative structure-activity relationship 

(QSAR) model were used for the study of the delivery of the nanocomplexes across the 

BBB and the design of helical, amphipathic peptides based on the model amphipathic 

peptide, respectively. The particular receptors which were involved in the transcytosis 

of the complexes were identified. Furthermore, the modified targeting peptides in non-

covalent complex with PF14 and siRNA were studied in comparison to the covalently 

conjugated between PF14 and the targeting peptides. 

 
 
Paper I: To design and synthesize a series of peptide-based vectors for delivery of 

pDNA across an in vitro model of the BBB to enhance the brain endothelial cell pene-

tration and target glioblastoma cells. 

 

Paper II: To investigate the passage of PF32:pDNA complexes across the brain endo-

thelial cells via receptor-mediated endocytosis and also study the role of scavenger re-

ceptors in the transport of the complexes into the brain endothelial cells. 

 
Paper III: To design and study ability of helical, amphipathic peptides based on the 

design of PepFects, NickFects, and the model amphipathic peptide for cellular uptake 

and delivery of pDNA into the cells. The QSAR model was also used in the study to 

predict the biological effect. 

 
Paper IV: To find an efficient carrier for siRNA delivery to glioblastoma cells using 

various targeting peptides linked to the CPPs by either covalent conjugation or non-

covalent complex.  
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3 Methodological considerations 

The methods used in this thesis are thoroughly described in the papers. More 

theoretical and practical aspects and techniques of the methods are provided in this 

chapter.  

 

3.1 Solid phase peptide synthesis and characterization (Paper I-IV) 

 

All peptides used in the thesis were synthesized by Fmoc solid phase peptide 

synthesis (SPPS) strategy. This technique was first introduced in the early 1960s by 

Bruce Merrifield who has an idea of generating peptide bonds on an insoluble resin 

where only a single cleavage step permits to obtain the desired peptide in solution [163]. 

SPPS was modified to use t-butyloxycarbonyl (Boc) as an N�-protecting group [164] 

and hydrogen fluoride (HF) for peptide cleavage from the resin [165]. Therefore, the 

Boc chemistry SPPS was based on acidolysis using trifluoroacetic acid (TFA) to re-

move the N�-protecting group (Boc) which is sensitive in the presence of moderate acid 

and using a strong acid (HF) to cleave the peptide from the resin. The classical Boc 

strategy limits the usage only for specialist applications. Hence, the majority of peptide 

synthesis became Fmoc SPPS [166]. Fmoc chemistry has been successful in peptide 

synthesis due to less harsh conditions and side reactions in the cleavage step, and more 

production yield. 

In SPPS, polystyrene-based solid support was introduced to use for anchoring 

amino acid (AA) residues; then the peptide sequence could be assembled while attach-

ing the resin [167]. The peptide sequence is growing from the C- to N-terminus through 

a repetitive coupling reaction. A general process of SPPS initially starts by attaching 

the first AA from the carboxylic group which is activated by coupling reagents to obtain 

an active ester for its coupling to the resin. Once the AA is attached, the resin is filtered 

and washed to remove excess reagents and by-products. Thereafter, the N�-protected 
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AA, fluoren-9-ylmethyloxycarbonyl (Fmoc), is removed by using piperidine (deprotec-

tion step). The resin is again washed to remove by-products and the excess reagents. 

Next, the new AA is activated by the coupling reagents and coupled to the attached AA. 

To complete deprotection and coupling reaction is checked by using Kaiser test rea-

gents (ninhydrin test). For primary amine, the beads are intense blue or purple, and for 

protected amino acid or secondary amine, the beads are yellow. The cycle is repeated 

until the desired peptide sequence is complete. Subsequently, the side chain protecting 

groups are removed, and the peptide sequence is cleaved from the resin by acids such 

as TFA (Scheme 1).  

In the study, a rink amide was used as a resin to obtain C-terminal amidated 

peptides. All peptides were cleaved from the resin by the cleavage cocktail of TFA with 

triisopropylsilane (TIS) scavenger reagent and H2O (95/2.5/2.5 % v/v) for 2-4 h before 

precipitation in cold diethyl ether. The peptide would then precipitate in the cold ether, 

while the by-products remained in the solution. The peptides were purified by reversed-

phase high performance liquid chromatography (RP-HPLC) in an octylsilane C8 col-

umn with gradient 20-100% acetonitrile/H2O (+ 0.1% TFA). The synthesized peptides 

were characterized by matrix-assisted laser desorption ionization-time of flight 

(MALDI-TOF) mass spectrometer using α-cyano-4-hydroxycinnamic acid as a calibra-

tion matrix and also by ultra-high performance liquid chromatography-mass spectrom-

eter (UHPLC-MS). 
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3.1.1 Cell-penetrating peptides 

 
PepFects (PFs) are the main CPPs used in the thesis, presented in Table 2. PFs 

have shown a potential to deliver nucleic acids such as splice-correcting oligonucleo-

tides (SCOs) [88, 110], siRNA [109, 168], and pDNA [89] both in vitro and in vivo. 

Stearyl-TP10 successfully delivered SCOs in the cell culture, and it was first introduced 

as PF3 in the family. A modified PF3 by replacement of lysine and isoleucine to orni-

thine and leucine, namely PF14, showed a remarkable vector for SCOs delivery in a 

cell culture model of Duchenne’s muscular dystrophy [110]. Additionally, an amphi-

pathic CPP, PF28, was developed based on a combination of model amphipathic pep-

tide (MAP) sequence and modifications based on strategies developed for PF. The PF28 

enabled to transfect and deliver pDNA into HEK 293 cell line [169]. A cationic peptide 

SynB3 is a member of distinct peptide vectors derived from an antimicrobial peptide, 

protegrin 1 (PG-1) [32]. PG-1 is a natural cationic peptide containing 18 residues with 

two intramolecular disulfide bridges [170] from porcine leukocytes that manifested po-

tent microbicidal activity [171]. The amphipathic structure of PG-1 is stabilized by the 

disulfide bonds [172] which are critical to induce potassium leakage by membrane 

channel formation [173]. However, a linear SynB3 peptide designed from the multiple 

positive charges of PG-1 reportedly penetrated into eukaryotic cells and efficiently pro-

moted the transport of the various drug across the BBB in in vivo models [32] via ad-

sorptive-mediated transcytosis pathway [34].  

 

Table 2 CPPs used in the study 

 
Name Abbre-

viation 

Sequence Refer-

ence 

Transportan 10 TP10 AGYLLGKINLKALAALAKKIL-NH2 [174] 

PepFect 3 PF3 Stearyl-AGYLLGKINLKALAALAKKIL-NH2 [88] 

PepFect 14 PF14 Stearyl-AGYLLGKLLOOLAAAALOOLL-NH2 [110] 

PepFect 28 PF28 Stearyl-WLKLWKKWLKLW-NH2 [169] 

PepFect 32 PF32 Stearyl-LLOOLAAAALOOLLTFFYGGSRG- 

KRNNFKTEEY-NH2 

[99] 

SynB3 SynB3 RRLSYSRRRF-NH2 [32] 
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3.1.2 Targeting peptides 

 
Targeting peptides are required for brain-targeted drug delivery to enhance 

the specificity to brain cancer cells and also mediate the transport across the BBB. 

Homing peptides used in the study (Table 3) target the receptors which are expressed 

in the BBB and brain cancer cells. Glioma-homing peptide (gHo) was identified as a 

novel glioma-specific homing ligand from phage display technology. In a previous 

study, pVEC vector modified with gHo, gHoPe2, was able to penetrate into glioma cells 

and selectively transfect fluorescently-labeled gHoPe2 in glioma-xenograft mouse 

model [115]. ANG was recently functionalized the NPs as a drug targeting delivered to 

glioblastomas [123, 175]; it is an LRP-1 homing peptide derived from a Kunitz protease 

inhibitor domain, showing a high transcytosis ability in vitro models of the BBB and in 

situ brain perfusion [52]. A neurotoxin from snake venom, α-BTX, is an antagonist of 

nAChR [176] and selective to cholinergic receptors in the brain and the mammalian 

brain extract [177]. Another glioma-homing peptide named CooP, a targeting of the 

invasive tumor satellites and glioblastomas, was identified by in vivo phage display 

screening [136]. The functionalization of CooP peptide on the NPs exhibited highly 

selective accumulation in brain tumor cells and prolonged survival in mouse models 

[137]. In addition, EPRNEEK is a peptide derived from Streptococcus pneumonia, a 

pathogen that causes meningitis, binding to the laminin receptor which is expressed in 

the BBB and glioblastomas [138]. Dendrigraft poly-L-lysines, a new kind of self-as-

sembled peptide containing lysines, was recently modified by EPRNEEK for gene de-

livery to gliomas, leading to enhance brain tumor-targeting activity compared to a non-

targeting peptide derived from endogenous laminin [178].  

 

Table 3 Targeting peptides used in the study 

 
Name Abbreviation Sequence Ref 

Glioma-homing peptide gHo NHQQQNPHQPPM-NH2 [115] 

Angiopep-2 ANG TFFYGGSRGKRNNFKTEEY-NH2 [57] 

�-bungarotoxin  BTX MWCDAFCSSRGKV-NH2 [176] 

CooP CooP ACGLSGLGVA-NH2 [136] 

EPRNEEK EPRNEEK EPRNEEK-NH2 [138] 
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3.2 Cell cultures (Paper I-IV) 
 

 
An in vitro model of the BBB was set up using two main cell cultures: mouse 

brain endothelial cells (bEnd.3) and human glioblastoma cells (U87-MG). The immor-

talized bEnd.3 cell line is a mouse endothelioma cell [179] that was established from 

an infection of the polyomavirus middle T-antigen in the mice brains [180]. The nature 

of this endothelial cells was confirmed by the uptake of fluorescently labeled LDL. 

U87-MG is a commonly studied grade IV glioma cell line which was obtained from a 

patient by explant technique and reported to produce a malignant tumor in nude mice. 

HEK 293, a cell line derived from a human embryonic kidney, is a commonly used cell 

line in biological research due to ease of growth and transfection. This cell line was 

used in paper III for the study of amphipathic peptides for pDNA delivery. HeLa, a 

human cervical cancer cell line, was obtained from Henrietta Lacks who died from an 

aggressive adenocarcinoma of the cervix in 1951. These cancer cells grew rapidly in 

the cell culture and then became the first human cell line used in the in vitro studies 

[181]. This cell line was used in paper IV as a control cell which does not overexpress 

the receptors as the U87-MG cell line.  

All cell cultures were incubated at 37�C under an atmosphere containing 5% 

CO2 in Dulbecco’s Modified Eagle Medium (DMEM) with glutamax supplemented 

with 10% fetal bovine serum (FBS), 3 mM L-glutamine, 100 U/ml penicillin, and 100 

μg/ml streptomycin. The cells were subcultured upon being approximately 80% con-

fluent. 
 

 

3.3 In vitro model of the BBB 

 
In vitro cell-based BBB models started to emerge in the laboratory in order to 

complement the in vivo studies; the cell-based models are commonly used microvascu-

lar brain endothelial cells from various species such as human, bovine, and murine as a 

mono-cultured model. Moreover, co-cultured and triple cultured models are also 

utilized comprising of endothelial cells and astrocytes,  and endothelial cells, astrocytes, 

and pericytes, respectively, to mimic the in vivo conditions both physical and functional 

characteristics [182, 183]. In the study, the monocultured model was set up using im-
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mortalized brain endothelial cells from murine, bEnd.3 cell line. bEnd.3 is commer-

cially available from American Type Culture Collection (ATCC) expressing tight junc-

tion proteins such as ZO, occludin, claudins, and JAMs [180], similar to primary cells. 

bEnd.3 cell monolayers showed low paracellular permeability due to the presence of 

tight junctions to maintain the BBB functions. Additionally, bEnd.3 is easy to grow and 

retains the BBB characteristics over repeated passages [184].  Even though monocul-

tures of immortalized bEnd.3 display low TEER approximately 50 Ω cm2 [185], it is 

acceptable and performed fairly good as model for the study of relative large solutes 

[142] and particles transport across the BBB [143]. Several in vitro models of the BBB 

rely on Transwell™ chambers for functional measurements such as permeability and 

TEER [183]. A Transwell™ plate consists of two compartments, upper and lower 

chambers, that represent luminal (blood) and basolateral (brain) sides, respectively. The 

brain endothelial cell monolayers are cultured in the upper chamber on a semipermeable 

filter membrane while the lower chamber contains glioblastoma cells. These two cell 

lines are grown separately due to chemokine IL-8 secretion, a key factor involved in 

glioblastoma-induced permeability, from glioblastoma leading to promote endothelial 

permeability [144]. 

The Transwell™ plate consists of 24-well with 12 semipermeable inserts made 

of the polyester membrane with a pore size of 0.4 μm. bEnd.3 cell monolayers were 

cultured in the upper chamber, and the TEER values were checked twice a week using 

an epithelial voltohmmeter, EVOM2, for monitoring the cell integrity. U87-MG cells 

were separately cultured in the lower chamber (Figure 7). 

 

 
Figure 7 A setup Transwell™, in vitro model of the BBB. 
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3.4 Dynamic light scattering 

 
Physicochemical characteristics of peptide complexed nanoparticles are deter-

mined by dynamic light scattering (DLS) technique using a Zetasizer Nano ZS, Mal-

vern Instruments, UK. DLS has become a useful technique for studying the properties 

of suspensions and solutions of colliods, biological solutions, and polymers. This 

technique is one of the methods used to measure the particle size in the range from 

0.001 to several microns, which are difficult to measure by other techniques as the 

diameters are too small for optical spectroscopy and too large for electron microscopy 

[186]. The DLS concept is based on a light-scattering intensity fluctuation as a function 

of time due to the Brownian movement of the scattering particles. The scattering inten-

sity of the particles is related to the particle size; the large aggregation produces high 

scattering intensity and sensitivity. Thus, DLS is utilized for the measurement of parti-

cle size and also the size distribution. In addition, DLS technique is able to measure the 

zeta-potential (�-potential) which is the electrical potential of the charged particles in 

the solution. The particles contain ions surrounded by an electrical double layer of ions 

and counter-ions which expose to a dispersion medium [187]. The �-potential is rele-

vant to the stability of the colloidal system; therefore, the particles with high positive 

and negative charges represent high repulsion among the particles leading to a reduction 

of aggregation and flocculation. In contrast, if the �-potential is nearly zero, there is an 

increased risk of aggregation and flocculation due to the interaction of the particles. In 

Paper I, the nanoparticles were prepared in Milli-Q® water (MQ H2O) as described in 

the method of complex formation and then diluted in MQ H2O and Opti-MEM with 

10% FBS. In Paper IV, the peptide complexed with siRNA were formed in phosphate 

buffer (PB) and then diluted in MQ H2O (pH 5.5) and the PB (pH 7.4) at room temper-

ature.The mean diameter and �-potential were determined in three measurements. 
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3.5 Nucleic acid delivery 

3.5.1 Delivery of Plasmid DNA (Paper I, II, and III) 

 
Delivery of nucleic acids and the peptides used in this thesis is mainly of 

the non-covalent complexation strategy. In Paper I, II, and III, luciferase-expressing 

plasmid (pGL3) with 4.8 kbp, MW 3.10x106 g/mol was used to transfect bEnd.3, U87-

MG, and HEK 293 cell lines to determine the transfection efficiency using luciferase 

assay. pGL3 firefly (Photinus pyralis) luciferase reporter gene is widely used as a ge-

netic reporter for studying gene expression, because the assays are sensitive, reproduc-

ible, and feasible [188]. The pDNA formed complex with the peptide at different pep-

tide/pDNA charge ratios (CRs), which were calculated from the positive charges of the 

peptide and the negative charges of pDNA. After 24 h incubation of the treated cells 

with the complexes, the cells were analyzed using luciferase assay. The luciferase assay 

system needs a luciferase enzyme to catalyze the light-producing chemical reactions of 

the bioluminescent organisms, requiring an organic molecule luciferin, ATP, and oxy-

gen as substrates [189]. The light is produced by converting the chemical energy of 

luciferin oxidation through electron transition, forming the product oxyluciferin (Fig-

ure 8) [190]. The luciferase activity was measured on a Glomax™ 96 microplate lumi-

nometer to obtain the relative light units (RLU) which were normalized to milligram of 

protein content using Bio-Rad DC protein determination assay. The protein determina-

tion assay by Lowry method was measured using a UV microplate reader at wavelength 

460 nm. 

 
 
 

 
 
 
 
Figure 8 Bioluminescent reaction of luciferase in organisms. 
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3.5.2 Delivery of siRNA (Paper IV) 

 
To examine gene-silencing efficiency of peptide complexed with Luc 

siRNA in luciferase stably expressing cell lines, various peptides were mixed with 

siRNA at different molar ratios (MRs) and different siRNA concentrations in phosphate 

buffer (PB) pH 7.4 at room temperature. The gene-silencing efficiency is presented as 

a percentage of luminescence over the control. siRNA duplexes with 21-nucleotides 

have been used to suppress the expression of endogenous and heterogenous genes in 

several mammalian cell lines, thereby providing a new tool for the study of gene func-

tion and the use as gene-specific therapeutics [151]. 

 

 

3.6 Polyanionic inhibitors (Paper II) 

 
The role of SRs class A (SCARAs) in the uptake of the peptide/pDNA complex 

in bEnd.3 cells was investigated; polyanionic ligands were utilized to antagonize the 

SCARAs. In paper II, polyinosinic acid (Poly I), fucoidan (Fuc), and dextran sulfate 

(Dex) were used as inhibitors for SCARAs [67, 191] by pre-treatment of bEnd.3 cells 

before adding the complexes. In addition, the chemical reagents with no inhibitory ef-

fect to SCARAs such as polycytidylic acid (poly C), galactose (Gal), and chondroitin 

sulfate (Chon) were used as negative controls for Poly I, Fuc, and Dex, respectively 

[192]. These controls are structurally similar to inhibitory ligands with the lack of bind-

ing affinity to SCARAs [61, 192, 193]. 

 

 

3.7 WST-1 cell proliferation assay (Paper I-IV) 

 
WST-1 cell proliferation assay is a colorimetric method based on metabolic ac-

tivity in a viable cell. Therefore, the assay relies on the reductive coloring agent and the 

mitochondrial dehydrogenase enzyme activity. WST-1 reagent (4-[3-(4-iodophenyl)-2-

(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) reacts with the mitochon-

drial succinate-tetrazolium reductase forming a water-soluble formazan dye, resulting 

in a conversion of tetrazolium salts (slightly red) to formazan (dark red) [194] (Figure 
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9). Its reaction product can be quantified in 0.5 to 4 h without an additional solubilizing 

step. Consequently, WST-1 assay is more convenient than MTT assay that needs a 

solubilizing step for water-insoluble product, and the MTT assay can be quantified after 

adding a solubilizing buffer overnight [195].  In principle, WST-1 works similarly to 

MTT by reacting with the mitochondrial succinate-tetrazolium reductase forming the 

formazan dye. However, the WST-1 reagent produces a water-soluble formazan rather 

than the water-insoluble product from MTT assay. In the study, the cell lines were 

treated with the complexes at different CRs and MRs and were incubated for 24 h at 

37�C. WST-1 reagent was added to the cell lines 2 h prior to measurement of the ab-

sorbance at 450 nm on a UV microplate reader. The percentage of cell viability is 

defined by normalizing to the untreated control which is present as a 100% viability.  

 

 

 
 

 

Figure 9 A conversion of tetrazolium salt WST-1 to water-soluble formazan by a 

mitochondrial enzyme in viable cells. 

 

 

3.8 Gel electrophoresis (Paper II) 

 
Gel electrophoresis is a technique for separation of proteins, DNA, and RNA in 

a solid support medium, usually agarose gel or polyacrylamide. The nucleic acid mol-

ecules are separated by size using an electric field where negatively charged molecules 

migrate toward the anode (positive) pole. Then the migration is determined by the mo-

lecular weight where the smaller ones migrate faster than the larger ones. The separa-
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tion medium is an agarose gel which is a polysaccharide extracted from seaweed, typi-

cally used at concentrations of 0.5-2.0%. To visualize nucleic acid molecules, ethidium 

bromide (EtBr) or SYBR Green are commonly used dyes and the agarose gel is 

illuminated with UV light. EtBr is normally used for staining double- and single-

stranded DNA or RNA [196]. Additionally, GelRed nucleic acid gel stain was also 

utilized in Paper IV for staining the agarose gel with the complexes of peptide:siRNA. 

GelRed is a sensitive fluorescent nucleic acid dye; it is designed to replace the highly 

toxic EtBr, and it is a highly sensitive method for visualization of nucleic acid and much 

more sensitive than EtBr [197]. In the study, the gel electrophoresis was used to deter-

mine the compact complexes, namely gel retardation assay. The assay was performed 

in a 1% agarose gel in 1X Tris-Acetate-EDTA (TAE) buffer at 100 V for 30 min to 1 

h. The agarose gel was illuminated by UV light (254 nm wavelength) after staining. 

 

 

3.9 Circular dichroism spectroscopy (Paper III) 

 
Circular dichroism (CD) is a useful tool for rapid determination of the secondary 

structure, folding, and binding protein properties. CD utilizes the differential rotation 

of left- and right-handed circularly polarized light. Asymmetric (chiral) molecules in-

teracting with the polarized light obtain the difference in absorbance (�E) between 

clockwise (ER) and counterclockwise (EL) rotational vectors [198].  The chromophores 

are important for CD calculations where the amides are the main backbone of the 

polypeptide chain and most abundant to dominate the far-UV spectral region (190-250 

nm), while the aromatic side chains dominate the near-UV region (250-350 nm). There-

fore, most polypeptide CD calculation includes only amide transition [199]; CD spec-

troscopy is a method of choice to examine protein secondary structure thereby produc-

ing a number of algorithms and databases for empirical analysis of percentages of al-

pha-helix, beta-sheet, beta-turns, and random coil [200]. Different secondary structures 

have CD spectra characteristics. For instance, alpha-helical proteins have negative 

bands at 222 and 208 nm and a positive band at 193 nm, while a beta-sheet structure 

has a negative band at 218 nm and a positive band at 195 nm [198], illustrated in Figure 

10. CD rapidly provides structural information of protein in solution with very low 

concentration; consequently, CD spectral results are increasingly used as a method of 
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choice in biophysical and molecular studies. However, quantitative evaluation of this 

technique is still limited due to the protein morphology and the spectral diversity [201]. 

Moreover, secondary structure is also characterized by other techniques such as Fourier 

transform infrared spectroscopy (FTIR), X-ray crystallography, and NMR 

spectroscopy; yet, these techniques still have the limitations; for example, 

crystallization failure and the sheer size of the macromolecule are drawbacks for 

determination by X-ray crystallography and NMR spectroscopy, respectively [201]. 

Additionally, the FTIR is not a suitable method for precise information concerning the 

relative position of individual groups in three-dimensional space [202].  
 

 

 
 

Figure 10 CD spectra of secondary structures of the protein, adapted with permission 

from reference [203]. 
 

 

3.10 Quantitative structure-activity relationship modeling (Paper III) 

 
A large number of in silico CPP prediction models have been developed for a 

high-throughput screening of biologically active peptides; for example, using z-

descriptors from scales of physicochemical properties of the AAs (lipophilicity, steric 

properties, and electronic properties) by Sandberg et al. [204] was applicable to predict 

the CPP properties in silico. However, it has the drawback of counting only the sum of 

descriptors and not the order of AAs [205]. Additionally, the support vector machines 

(SVM) based on biochemical properties of each peptide by Sanders et al. were used to 

confirm the cell-penetrating ability, providing insight into the structural requirements 
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of the peptides for cellular penetration [206]. Artificial neural networks (ANNs), a use-

ful tool in QSAR studies, have been used by Dobchev et al. for CPP prediction and the 

BBB permeation [207]. The results for the ANN models reach 83% accuracy for the 

total data, which was further improved by excluding the inaccurate predictions and also 

rebuilding a new ANN model based on principle component analysis as input de-

scriptors [207, 208]. In paper III, the peptide structures were prepared as standard alpha 

helical conformers in QSAR models; AMBER force field was used to optimize the 

peptide structures with 246 descriptors per peptide. 

 
 

3.11   Revere transcription-polymerase chain reaction (Paper II) 

 
The polymerase chain reaction (PCR) is a method of in vitro gene cloning, gen-

erating large quantities of specific DNA fragment from a small amount of starting ma-

terial. There are three main steps involved in the PCR technique: denaturation, anneal-

ing, and extension. This method depends on thermal cycling, combining repeated cycles 

of denaturation and replication processes. During the first step, the DNA is denatured 

at high temperature (90-97�C), separating double-stranded DNA into single-stranded 

DNA. The annealing step occurs at a lower temperature (50-60�C) that relies on the 

length of the primers and their melting temperatures, allowing primers to hybridize to 

their complementary strands. The last step, the extension happens at the end of annealed 

primers using Taq polymerase to synthesize two new identical strands of the DNA us-

ing the original DNA as a template [209]. Combining the PCR technique with reverse 

transcriptase (RT), RT-PCR, is used to convert mRNA into complementary DNA 

(cDNA) and to copy the specific DNA sequence of interest by using specific primers. 

In paper II, total RNA was isolated from bEnd.3 cells and then reverse tran-

scribed to obtain cDNA. The first-strand cDNA was used as a template cDNA for PCR. 

The reaction mixture was initially denatured at 94�C for 2 min, followed by amplifica-

tion for 30 cycles: denaturation 30 s at 94�C, annealing 30 s at 59�C, and extension 1 

min at 68�C. Thereafter, the reaction was extended 7 min at 72�C. Then the PCR prod-

ucts were analyzed on a 2% agarose gel. 
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3.12   Real time-quantitative polymerase chain reaction (Paper II) 

 
To quantify the passage of pDNA through the in vitro model of the BBB, real 

time-quantitative polymerase chain reaction (RT-qPCR) was utilized. This method en-

ables direct detection and quantification of PCR products during the exponential phase 

of the reaction, then, the detection of a fluorescent signal is produced and monitored 

during the amplification process. RT-PCR measures the products generated during each 

cycle of the PCR process that is exponentially proportional to the amount of the tem-

plate DNA before the start of the PCR process.  RT-PCR or also called quantitative 

PCR (qPCR) is measured via different fluorescent chemistries such as SYBR® Green, 

fluorescent resonance energy transfer (FRET) probes, such as TaqMan or Molecular 

Beacons. SYBR® Green is a classical intercalator to double-stranded DNA (dsDNA). 

In paper II, the pDNA was quantified using Maxima SYBR green qPCR master mix. 

The mean threshold cycles (CT) were analyzed in a comparison to a standard. 
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4 Results and discussion 

4.1 Paper I 
 

To enhance the brain penetration and specifically target glioblastoma cells, a se-

ries of CPPs were designed and synthesized to deliver pDNA across an in vitro model 

of the BBB. Several known CPPs were coupled to two different glioma-targeting pep-

tides, gHo and ANG, yielding seven peptide-based vectors (PF31-PF37). The targeting 

peptides were mostly conjugated to CPPs at the C-terminus due to the previous study 

by Eriste et al.; they found that modification of pVEC with gHo at the C-terminal end 

was more efficient in cellular uptake than having gHo at the N-terminus [115]. Further-

more, the peptides in complex with pDNA were evaluated for transfection efficiency 

using luciferase assay.  

The transcytosis and the transfection efficiency of all peptides were studied in the 

Transwell™ in vitro model of the BBB. The Transwell™ plate consists of two com-

partments, luminal and basolateral compartments. The luminal compartment (upper 

chamber) represents the blood side that is cultured with the mouse brain endothelial 

cells, bEnd.3 cell line. bEnd.3 cells are used for in vitro BBB model due to their ability 

to maintain BBB characteristics over passages [143]. Even though bEnd.3 

monocultured BBB model has TEER values no greater than 60 	 cm2, it is still a fairly 

good model in the transport study of large solutes [142].  PF32 was the most efficient 

vector for the delivery of pDNA across the BBB model and to target U87-MG glioma 

cells, showing 20-fold higher transfection in U87-MG cells than the parent peptide 

PF14. PF32 was designed as a fusion peptide consisting of ANG and a truncated se-

quence of PF14, where seven AA of the N-terminus of the PF14 were removed. The 

truncated sequence of PF14 consisting of stearic acid, leucine, alanine, and ornithine 

was speculated to be important for forming the complexes with negative charges of 

pDNA. Moreover, the targeting peptide ANG moiety of PF32 improved the transfection 

efficiency in glioblastoma cells and the passage across the BBB model compared to the 

parent peptide PF14. The extension of truncated PF14 with ANG might mediate the 
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binding of PF32 to LRP-1 which is overexpressed in both brain endothelial and glioma 

cells [175], leading to enhanced capability of transcytosis and penetration.  

 

 

4.2 Paper II 
  

In paper I, the transport of PF32:pDNA complexes across the BBB model was 

speculated to be taken up via LRP-1. In paper II, we found that not only LRP-1 receptor 

is expressed in the brain endothelial cells (bEnd.3), but also SRs are found to be 

expressed in the BBB. There are three different SRs expressed in bEnd.3: SCARA3, 

SCARA5, and SR-BI that could mediate the endocytosis of PF32:pDNA complexes as 

well as LRP-1. Then the transfection efficiency of pDNA in the complex with PF32 

was determined in the presence of inhibitory ligands and the gene-silencing of the rel-

evant receptors. Inhibition of the SRs class A (SCARA3 and SCARA5) by inhibitory 

ligands such as Poly I, Fuc, and Dex led to a decrease of the uptake of PF32:pDNA 

complexes, indicating that the complexes could be recognized by SCARA3 and 

SCARA 5 as well as the uptake of PF14. This could be speculated that the truncated 

PF14 motif in the sequence of PF32 enabled to bind to SRs before internalization into 

the cells. Next, ANG ligand was used as an inhibitor to LRP-1; the saturation of LRP-

1 by ANG before adding the complexes led to a reduction in the uptake of the 

PF32:pDNA complexes, not in the complex of PF14, confirming that ANG motif on 

PF32 could be recognized by LRP-1. Therefore, the NPs modified with ANG ligand 

are potential carriers to transport across the BBB and penetrate into glioblastoma cells 

via LRP-1. The down-regulation of SRs and LRP-1 in bEnd.3 cells caused a reduction 

in luciferase activity of PF32:pDNA complexes, showing that LRP-1, SCARA3, 

SCAR5, and SR-BI were involved in the uptake of PF32 complexes into the brain en-

dothelial cells.  

Lastly, the transport of pDNA in complex with PF32 across in vitro model of the 

BBB was quantified using RT-qPCR, exhibiting that the pDNA reached the highest 

passage around 1.3% in the basolateral compartment after 1 h. Taken together, PF32 

demonstrated that it could potentially be a vector for delivery of large molecules as 

pDNA across the BBB model. 
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4.3 Paper III 
 

In this study, we designed a series of amphipathic CPPs based on a combination 

of the model amphipathic peptide (MAP) and modifications based on the development 

of PepFect (PF) and NickFect (NF) peptides. The cellular uptake of the designed 

peptides was examined by forming non-covalent complexes with pDNA expressing 

luciferase gene. We found that all stearyl-modified peptide analogs of MAP remained 

amphipathic molecules in a helical conformation. Replacing leucine with tryptophan 

and phenylalanine at certain positions, yielded PF21 and PF22, respectively. Lysines 

were also replaced with ornithines, obtaining PF23. PF24 and PF25 were alternated 

with ornithine and arginine to promote the interaction with the cell membrane. The 

addition of phosphotyrosine in PF26 and PF27 was based on the NF family to improve 

membrane interaction with the phospholipids. PF28 is a palindrome peptide and shorter 

than PF21. All the series of amphipathic peptides enabled transport of pDNA into the 

cells. The QSAR model was developed to analyze the relationships between 

physicochemical properties and the cellular uptake activity. The QSAR model could 

predict the biological activity which correlated with the experimental data with R2 0.94. 

The results indicated that the QSAR model provided a good correlation with the 

experimental data, suggesting that the model could predict the efficient peptides with 

great transfection efficacy. In this study, we developed a series of novel amphipathic 

peptides which correlated with the prediction from the QSAR model. The amphipathic 

peptides were able to form a non-covalent complex with pDNA and transfect to the 

human cell line with no toxicity. Therefore, the model showed a potential tool for the 

design of efficient CPPs. 
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4.4 Paper IV 
 

Delivery of biomolecules such as peptides, proteins, and oligonucleotides 

across the plasma membrane is limited by their characteristics, high charges, and large 

molecular weights. siRNA has been established to be a potential tool for regulating 

gene expression. In this study, CPPs were designed and modified with various targeting 

peptides through covalent conjugation based on two CPPs: amphipathic peptide PF28, 

yielding the series of PepFect 51-53 (PF51-53), and PF14, yielding PepFect 32 (PF32) 

and PepFect 38 (PF38). PF51 is resulting from PF28 covalently conjugated to ANG at 

the C-terminal end, and PF52 is an analog of PF51 by replacement of Lys in the PF28 

sequence to Arg. PF53 is resulting from a covalent conjugation of PF28 with CooP at 

the C-terminus. Additionally, PF38 is an analog of PF32 by adding two cysteines at the 

C-terminus of PF14 and the N-terminus of ANG to obtain a disulfide ligation, thereby 

a reducible peptide upon the cellular uptake. Furthermore, non-covalent complexes of 

PF14 and modified TGs were used as carriers for siRNA delivery targeting glioblas-

toma cells. Four targeting peptides, ANG, BTX, CooP, and EPRNEEK, were modified 

with hexaglutamate at the N-terminal end using 6-aminohexanoic acid (X) as a linker, 

yielding modified targeting peptides: TG1, TG2, TG3, and TG4, respectively. The pol-

yglutamate sequence was proposed to electrostatically interact to positively charged 

PF14, allowing the free targeting segment to bind to the receptors expressed in glio-

blastoma cells.  

The non-covalently complexed carriers formed by electrostatic interaction be-

tween CPP and the modified TG are considered to be a new strategy for the glioma-

targeted siRNA delivery. The gene-silencing efficiency of peptide:siRNA complexes 

delivered to glioblastoma cells was determined using luciferase assay. A series of PF51-

53 formed complexes with 25 nM siRNA at different MRs (MR 5, 10, 20, and 50); 

PF51:siRNA complex showed the most efficient gene-silencing with 50% and 60% 

downregulation at MR 20 and 50, respectively. In addition, PF14 was covalently con-

jugated with targeting peptide ANG (PF32 and PF38) and formed non-covalent com-

plexes of with the TGs (TG1-4). The complexes of PF14:siRNA with and without TGs 

showed more efficient gene-silencing than PF51 at the same siRNA concentration, 

reaching more than 80% knockdown of luciferase expression in U87 MG-luc2 cells. 

However, PF32, a truncated version of PF14 coupled to ANG, did not have the same 
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gene-silencing potential (no gene-silencing effect) as the non-covalent complexes be-

tween PF14 and the TGs. It was speculated that PF32 might either shield the interaction 

between the targeting moiety and the receptor expressed in U87 MG-luc2 cells or be 

tightly compact with siRNA, which limits the release of siRNA into the cytosol. Seem-

ingly, at 25 nM concentration of siRNA, the non-covalent complexes of siRNA with 

either PF14 alone or PF14:TGs were able to transduce siRNA into the cytosol and con-

sequently knockdown the luciferase expression at the maximal gene-silencing effi-

ciency, whereas PF32 was not able to downregulate the target gene. In contrast to the 

control cells, HeLa-luc cells, which do not express the same receptors as U87 MG-luc2 

cells, were less transfected, and all the carriers did not show any differences in their 

gene-silencing efficiency. Moreover, to determine dose-dependent gene-silencing, 

siRNA formed complex with  PF14:TGs (MR 1 and MR 10), PF14, and PF32 at differ-

ent siRNA concentrations ranging from 1-25 nM. The complex of PF14:TG1 at MR 1 

showed the most efficient complexed carrier for siRNA delivery to U87 MG-luc2 cells 

at very low siRNA concentration of 10 nM with a 70% downregulation of luciferase 

expression and a two-fold higher gene-silencing efficiency than the parent peptide 

PF14. TG1 is a hexaglutamate-modified ANG peptide which is a targeting ligand for 

LRP-1. Therefore, LRP-1 would be a main receptor for mediating the transport of 

PF14:siRNA/TG1 complexes, showing highly efficient gene-silencing. Modifications 

of PF14 with brain-targeting ligand ANG were synthesized using a consecutively co-

valent conjugation between truncated PF14 and ANG (PF32) and a disulfide ligation 

between PF14 and ANG connected by two additional cysteines at C-terminal PF14 and 

N-terminal ANG peptide (PF38). PF32 and PF38 did not improve the gene-silencing 

efficacy of the parent peptide PF14, whereas the complex of PF14:TG1 at MR 1 demon-

strated a significant two-fold higher efficiency than PF14. This study revealed that the 

length of the CPP-based vector should be considered for siRNA delivery, and the CPP-

based vector in non-covalent complex with hexaglutamate-modified ANG (TG1) 

showed a promising carrier for siRNA delivery targeting brain cancer cells. 
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5 Conclusions 

This thesis aims at finding efficient drug carriers which can cross the BBB and 

target glioblastomas for the delivery of nucleic acids. A series of the peptide-based 

carrier were developed based on the CPPs and the glioma-targeting peptides using ei-

ther a covalent conjugation or a non-covalent complex formation approaches. In 

addition, the receptors expressed in the BBB can mediate the transport of the nanocom-

plexes across the BBB. Finally, the design of novel efficient peptides can be predicted 

the biological effect by using QSAR model which is correlated with the experimental 

data. 

 

Paper I: A series of peptide-based vectors for pDNA delivery were synthesized 

and studied in an in vitro model of the BBB. PepFect 32 was the most efficient vector 

for the transport of pDNA across the BBB model and target glioblastoma cells. 

 

Paper II: Scavenger receptors class A and B (SCARA3, SCARA5, and SR-BI) 

were found to be expressed in the brain endothelial cells (bEnd.3). Scavenger receptors 

are involved in the cellular uptake of the pDNA in complex with PepFect 32 as well as 

the low-density lipoprotein receptor-related protein-1 (LRP-1).  

 

Paper III: A series of novel, amphipathic peptides based on the model amphi-

pathic peptide were able to deliver pDNA and transfect to the human cell line in a non-

toxic manner. QSAR model was used to predict the biological effect, showing a great 

correlation with the experimental data. Therefore, the QSAR model is a potential tool 

for the design of efficient CPPs.  

 

Paper IV: A non-covalent complex of PepFect 14 (PF14) and the 

hexaglutamate-modified ANG (PF14:TG1) is a promising new carrier for siRNA de-

livery to glioblastoma cells. The consecutive linkage between PF14 and ANG by cova-

lent conjugation, yielding PF32 and PF38, was not efficient for siRNA delivery com-

pared to the non-covalent complexes of PF14:TG1. However, the PF32 was the most 
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efficient vector for the delivery of pDNA. Thus, the length of the peptide-based carrier 

should be considered for the design and the use for delivery of different cargoes. 

 

Finally, the papers included in this thesis provide the first step in the 

development of the peptide-based carriers for delivery of gene-based therapeutics for 

brain cancer treatment. The NPs used in the study showed the efficiency in the in vitro 

model of the BBB. Since the cell-based model is different from the animal model, it is 

required to further prove the efficiency of the NPs in the in vivo model. The NPs can 

be eliminated and degraded in the blood circulation, leading to poor bioavailability and 

rapid clearance before reaching the target site. The peptide-based vectors used in the 

study can form stable complexes with the nucleic acids, showing a possibility to be a 

promising carrier for future applications in the animal study and the clinical use.   
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6 Sammanfattning på svenska 

 

Glioblastom är den mest aggressiva formen av malign hjärntumör och den har 

mycket dålig prognos. Effekten av kemoterapi begränsas av att blod-hjärnbarriären 

(BBB)  släpper igenom mindre än 2 % av små molekyler och blockerar nästan alla 

makromolekyler från att passera in i hjärnan. Leverans av stora molekyler t.ex. 

proteiner och nukleinsyror utgör en stor utmaning för forskningen rörande transport av 

läkemedel över BBB. För att övervinna detta hinder användes här cell-penetrerande 

peptider (CPP) som vektorer för leverans av nukleinsyror. Cellpenetrerande peptider 

har visat sig vara lovande bärare för att leverera allt från små till stora molekyler över 

cellmembranet. Den här avhandlingen fokuserar på utveckling av vektorer riktade mot 

glioblastom, baserat på modifieringar av CPP och målsökande peptider. Dessa 

peptidbaserade vektorer utvecklades för att förbättra transporten av nukleinsyrorna över 

BBB och specifikt rikta sig mot glioblastom. 

 I den här avhandlingen beskrivs hur en serie peptidbaserade vektorer riktade 

mot glioblastom, modifierade med målsökande, vävnadsspecifika peptider 

syntetiserades och modifierades antingen genom kovalent konjugering eller som icke-

kovalenta komplex. Leverans av plasmid-DNA (pDNA) i komplex med peptidbaserade 

vektorer studerades i in en vitro-modell av BBB där de uttryckta receptorernas roll 

undersöktes. I den här modellen uttrycks både klass A och klass B ”Scavenger” 

receptorer vilka används för leverans av pDNA. Vidare modifierades olika målsökande 

peptider med hexaglutamat för att bilda icke-kovalenta komplex med CPP för leverans 

av små, interfererande RNA (siRNA) till glioblastomceller. Det icke-kovalenta 

komplexet CPP/målsökande peptid visade större effektivitet för genavstängning än den 

konsekutivt kovalenta konjugeringen av CPP med målsökande peptider för leverans av 

siRNA till glioblastomceller. Till slut utvecklades ett antal nya amfipatiska peptider 

baserade på den amfipatiska modellpeptiden. Förutsägelse av den biologiska effekten 

för de designade peptiderna visade en korrelation med experimentdata i en kvantitativ 

struktur-aktivitetsrelationsmodell.  
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 Slutligen, strategin med de CPP-baserade nukleinsyravektorerna modifierade 

med målsökande peptider har potential för BBB-skytteln och för framtida användning 

som läkemedelsbärare vid glioblastom, både i in vivo-studier och i kliniska 

tillämpningar. 
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