
Abstract 

Delivery of nucleic acid is a promising approach for genetic diseases/disor-

ders. However, gene therapy using oligonucleotides (ONs) suffers from low 

transfection efficacy due to negative charges, weak cellular permeability, and 

enzymatic degradation. Thus, cell-penetrating peptide (CPP), is a short cati-

onic peptide, is used to improve the cell transfection. In this thesis, new strat-

egies for gene transfection using the CPP vectors in complex with ONs with-

out and with nanoparticles, such as magnetic nanoparticles (MNPs, Fe3O4), 

and graphene oxide (GO), are investigated. Furthermore, the possible CPP up-

take signalling pathways are also discussed.  

A fragment quantitative structure-activity relationship (FQSAR) model is ap-

plied to predict new effective peptides for plasmid DNA transfection. The 

best-predicted peptides were able to transfect plasmids with significant en-

hancement compared to the other peptides. CPPs (PeptFect220 (denoted 

PF220), PF221, PF222, PF223, PF224) generated from the FQSAR, and 

standard PF14 were able to form self-assembled complexes with MNPs and 

GO. The formed new hybrid vectors improved the cell transfection for plas-

mid (pGL3), splicing correcting oligonucleotides (SCO), and small interfering 

RNA (siRNA). These vectors showed high cell biocompatibility and offered 

high transfection efficiency (> 4-fold for MNPs, 10–25-fold for GO) com-

pared to PF14/SCO complex, which was before reported with a higher effi-

cacy compared to the commercial lipid-based transfection vector 

Lipofectamine™2000. The high transfection efficiency of the novel 

complexes (CPP/ON/MNPs and CPP/ON/GO) may be due to their low cyto-

toxicity, and the synergistic effect of MNPs, GO, and CPPs. In vivo gene de-

livery using PF14/pDNA/MNPs was also reported. The assembly of CPPs/ON 

with MNPs or GO is promising and may open new venues for potent and se-

lective gene therapy using external stimuli. The uptake signaling pathways 

using CPPs vectors, the RNA expression profile for PF14, with and without 

ON were investigated using RNA sequencing and qPCR analysis. Data 

showed that the signaling pathways are due to the regulation of autophagy-

related genes. Our study revealed that the autophagy regulating proteins are 

concentration-dependent. Confocal microscopy and transmission electron mi-

croscopy have demonstrated the autophagy initiation and colocalization of ON 

with autophagosomes. Results showed that the cellular uptake of CPP-based 

transfection activates the autophagy signaling pathway. These findings may 

open new opportunities to use autophagy modifiers in gene therapy. 

  



 

  



Populärvetenskaplig Sammanfattning 

Genterapi med hjälp av av oligonukleotider (ON) har en enorm potential för 

behandling av olika genetiska sjukdomar. För att ha terapeutisk effekt måste 

dock oligonukleotiderna nå in i cellen och detta försvåras på grund av deras 

negativa laddningar och snabba nedbrytning. Cellpenetrerande peptider 

(CPP), är korta katjoniska peptider, som kan användas för att förbättra det cel-

lulära upptaget (transfektionen) av oligonukleotider. I denna avhandling un-

dersöks nya strategier för hur CPP tillsammans med magnetiska nanopartiklar, 

såsom MNP och Fe3O4, eller grafenoxid (GO) nanopartiklar, kan möjliggöra 

effektivare transfektion av ON.  Vidare studeras även de möjliga cellulära sig-

nalvägar som reglerar CPP-medierat upptag. 

En så kallad ”fragment quantitative structure-activity relationship” (FQSAR) 

modell  användes för att förutsäga nya effektiva CPP för leverans av plasmider 

(ringformade DNA-molekyler med omkring 5000 nukleotidbaspar). De bäst 

prediktade peptiderna visade en signifikant ökad transfektionsförmåga jämfört 

med den tidigare använda peptiden PeptFect 14 (PF14). De nya peptiderna 

PF220, PF221, PF222, PF223 och PF224 som identifierades med FQSAR 

kunde dessutom bilda självmonterande komplex med MNP eller GO nano-

partiklar. I cellulära försök uppvisade dessa nya hybridvektorer (CPP/MNP 

och CPP/GO) en klart förbättrad transfektionsförmåga av såväl plasmider, 

som splitsningskorrigerande oligonukleotider (SCO) och små interfererande 

RNA (siRNA), jämfört med PF14-nanopartikel hybridvektorer, såväl som den 

kommersiella lipidbaserade transfektionsvektorn Lipofectamine™ 2000. Den 

höga transfektionseffektiviteten hos dessa nya hybridvektorer beror troligen 

på deras låga cellulära toxicitet och en möjlig synergistisk effekt vid kombi-

nationen av CPP och MNP/GO nanopartiklar. Förmågan hos en CPP/MNP 

hybridvektor att levera plasmider in vivo undersöktes också och transfektion 

av celler i såväl lunga och mjälte i behandlade djur kunde påvisas. Dessa nya 

hybridvektorer utgör således en ny lovande strategi för leverans av ON vid 

genterapi. För att kartlägga de signalvägar som kontrollerar upptaget av CPP-

baserade vektorer analyserades  genuttrycket hos celler som transfekterats 

med PF14 eller PF14-ON, med hjälp av  RNA-sekvensering och qPCR-analys. 

Resultaten påvisade att en ökning i uttrycket av flera autofagirelaterade gener 

sker tidigt vid transfektionen. Konfokal- och transmissionselektronmikros-

kopi demonstrerade vidare en ökad initiering av autofagi och samlokalisering 

av ON med autofagosomer. Detta visar att CPP-medierad transfektion akti-

verar signalvägar som stryr autofagi och öppnar nya möjligheter att använda 

autofagimodifierare för att förbättra genterapi. 
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1. Introduction 

1.1. Oligonucleotide delivery 

 

Oligonucleotide (ON) delivery to mammalian cells has been considered 

as a leading research area for modern molecular biology and biotech-

nology1. The last decades showed advanced progress in human genome 

research and ON delivery for in vitro and in vivo studies. The early 

studies successfully showed uptake and expression of exogenous DNA 

into mammalian cells, and investigators used this strategy in gene ther-

apy development for the treatment of several human disorders. The gen-

eral concept of gene therapy includes transfecting nucleic acid to repair 

the missing or mutated nucleic acid and correct or adjust endogenous 

gene expression. Gene therapy can be used to treat genetic diseases, 

such as Duchenne muscular dystrophy and adenosine deaminase defi-

ciency and disorders (e.g., cancer). However, there are still significant 

barriers that should be overcomed2,3.  

 

Oligonucleotide delivery lacks specificity and faces metabolic degrada-

tion by nucleases2,4. Therefore, it is necessary to evolve the safe ON 

delivery methods with potent targeting moieties and enhance its trans-

fection efficacy. Thus, viral vectors or non-viral vectors were 

investigated as a carrier for oligonucleotides5 (Figure 1). 

1.2. Viral vectors 

 

Viral vectors offer an effective method for transfection of ONs. 

However, they lack high safety. In all cases, targeting the tissue of in-

terest still needs enhancement. In a model of improving gene therapy 

specificity, cells can be transfected ex-vivo as in the state of Strimvelis 

(Figure 2). 
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Figure 1: Nucleic acid delivery vectors. The figure shows the viral vectors on the right 
side and the non-viral vectors on the left side represented by graphene-based, nano-
particles-based, lipid-based, polyplex-based and peptide-based vectors. 

 

Decreasing concerns of off-target effects6. Retroviruses have tradition-

ally been used as they integrate into the host genome, yielding main-

tained expression of the transgene at adequate levels. Though, they are 

prone to induce insertional mutagenesis through integration in the host 

genome, driving to a significant risk of oncogenesis. Lentiviral is an 

alternative vector to conventional retroviral vectors. It shows lower 

risks of insertional mutagenesis and more efficient in transfecting both 

dividing and non-dividing cells6. 

 

Viral vectors suffer from limitation including side effects, e.g., allergic 

reactions, immunogenicity, host rejection, mutagenicity, and onco-

genicity7. Furthermore, they lack scaling up production8, and their costs 

are significantly high (in the range of $1 million per treatment)9. On the 

other hand, non-viral vectors are favored over viral vectors because of 

the lower risks of insertional mutagenesis, decreased regulatory re-

quirements, reduced production costs,  and lower endogenous immune 

activation6. 
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a 

Figure 2: a) Viral vector used as gene therapy for Strimvelis (Image and vector are 
made by Glaxo Smith Kline). b) Ex vivo gene therapy strategy. The images are re-
printed with permission from Springer Nature Ref.9,10. Copyright belongs to Springer 
Nature. 
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1.3. Non-viral vectors 

 

The ON delivery using non-viral vectors includes the treatment of cells 

using chemical and physical methods. As an example, in 1990, Wolff 

et al. reported genes expression in mouse skeletal muscle upon injection 

of pure DNA plasmids11. However, naked ONs showed low transfec-

tion efficiency and were rapidly removed by the mononuclear phago-

cyte system and the reticular endothelial system (RES) system. Further-

more, the challenge of providing a constant formulation with nucleic 

acid stably mixed in the delivery media need to be formulated for con-

sistent and reproducible ON delivery12,13. 

 

The ON delivery methods using non-viral vectors including cationic li-

pids, polymers, nanoparticles, and peptides are reported. These agents 

promote cellular targeting and nuclear localization. Non-viral vectors 

can reproducibly and reliably transfect the mammalian cell lines in 

vitro. Non-viral vectors are straightforward to scale up and show mini-

mum host immune response (Figure 3). They are suitable for selected 

organs such as airway with mucosal tissue or lung as the target site, or 

for localized tissues, such as intratumoral targeting. However, non-viral 

vectors are in need for enhancing their efficacy and defining their final 

physicochemical features14. 

1.4. Peptides 

 

Peptides, in common, are recognized to be a short chain of amino acids 

(∼50 residues). Peptides can be chemically synthesized or obtained via 

extraction from a natural source15. A vast number of natural peptides 

are synthesized non-ribosomally using nonribosomal peptide synthe-

tases. These natural peptides include the antibiotic daptomycin, the im-

munosuppressant cyclosporine A, and the anticancer drug bleomycin 

A216. Peptides can be classified into three classes; 1) therapeutic 

peptides, which have high biological activity, 2) immunogenic 

peptides, that are used to promote an immune response toward an 

infectious or oncologic target, and 3) cell-penetrating peptides (CPPs) 

which are vectors for cellular delivery of nucleic acids, proteins, or 

small-molecule drugs17. 
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Figure 3: Non-viral vectors are crossing barriers for gene therapy. The scheme shows 
non-viral vectors loaded with nucleic acid cargos and passing the blood vessels bar-
riers then extracellular and cellular obstacles for doing its function. The image is 
adapted with permission from Springer Nature Ref.18. Copyright belongs to Springer 
Nature. 
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1.5. Cell-penetrating peptides (CPPs) 

 

CPPs, are short cationic peptides typically with < 50 amino acids, are 

efficient non-viral vectors19,20. CPPs have been applied used to deliver 

several types of agents including nucleic acids, proteins, small-mole-

cule drugs, liposomes, lipid-based nanocarriers, polymeric nanoparti-

cles, and dendrimers as well as biomacromolecules with significant cel-

lular uptake efficiency and insignificant cytotoxicity21–23. Human im-

munodeficiency virus-1 (HIV-1) is the source of the trans-acting acti-

vator of transcription (TAT) protein that has cell membrane shuttling 

ability21; TAT is considered the prototype of CPP22. Since of TAT dis-

covery, several thousands of different CPP have been identified from 

viral protein sequences as VP22 derived from Herpes simplex virus 

Type 1 (HSV-1) capsid protein26.  
 

On the other hand, other CPPs were from non-viral origin like pene-

tratin originated from residues 43–58 of the third helix Drosophila An-

tennapedia homeobox protein27,28; and transportan originated from a 

neuropeptide galanin and wasp venom mastoparan sequences29. Fur-

thermore, CPPs can be designed synthetically such as polyarginine30, 

model amphipathic peptide (MAP)31, and TP232. PepFect3 (PF3) was 

designed based on TP10 sequence with stearic acid modification in N-

terminal which is efficiently improved the cellular internalization. PF3 

enabled non-covalent complexation strategy. PF3 condensed the splice 

correcting ONs (SCO) into nanoparticles that provided splice correction 

at low SCO doses33. PF3 is a capable transfection vector for plasmids 

delivery both in-vitro and in-vivo34.  

 

To improve the endosomal escape of PF6, endosomolytic modification 

of a lysine tree with pH titratable trifluoromethyl-quinoline derivatives 

was investigated. The endosomolytic moieties were coupled to the ly-

sine side chain of PF3. PF6 showed high efficacy for siRNA transfec-

tion, shown in the effective knockdown of HPRT1 mRNA levels. PF6 

improved over its parental peptide PF3 proved that PF6 had demon-

strated pH-dependent endosomolytic features. Moreover, in the in-vivo 

treatment PF6/luc-siRNA complexes mediated knockdown in the liver 

without noticeable side effects and revealed the efficiency of PF6 for 

in-vivo treatment35. 
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PF14 offered high stability against proteolytic activities. All lysines in 

the backbone were substituted with ornithines, and the sequence design 

was inspired by leucine zippers to improve ON binding affinity. PF14 

revealed the remarkable efficacy of SCOs delivery for HeLa pLuc705 

cells, mdx mouse myotubes, and Duchenne’s muscular dystrophy in-

vitro models36. Besides, PF14 formed a non-covalent delivery vector 

for siRNA that elicit an effective RNA-interference activity in several 

cell lines37. Moreover, PF14 revealed the feasibility to prepare PF14-

SCO and PF14-siRNA transfection vectors into the solid formulation 

for therapeutic applications36,37. Furthermore, investigations demon-

strated that PF14 is a standard CPP transfection vector for various ONs 

including short ONs and large pDNA. Effective ONs transfection and 

expression was achieved even in hard-to-transfect primary cells38. 

1.6. Amphipathic CPPs 

 

Amphipathic CPPs contain both hydrophilic, and hydrophobic se-

quences of amino acids 39. Thus, they can interact with both neutral and 

negatively charged lipid membranes39. Their sequences include non-

polar amino acids, such as alanine, valine, leucine, and isoleucine, in 

addition to polar amino acids, including lysine40. The inclusion of hy-

drophobic moieties to the sequence of cationic amino acids enhances 

the transfection efficiency of cationic peptides by reducing their toxic-

ities, by increasing their membrane perturbation efficiencies, and by 

improving their cellular uptake41. 
 

Amphipathic peptides can be categorized as primary or secondary am-

phipathic, based on the organization of amino acids in the peptide se-

quence. For instance, in primary amphipathic peptides, one terminus is 

mostly formed of hydrophobic amino acids, but the opposite end is 

enriched with hydrophilic amino acids. Additionally, in primary amphi-

pathic CPPs, hydrophilic and hydrophobic domains are usually sepa-

rated by a spacer sequence. Primary amphipathic CPPs cover peptides 

with protein origin (e.g., pVEC, originated from cadherin protein, and 

ARF (1–22), originated from p14ARF protein). Also, chimeric CPPs 

including a hydrophobic domain and the nuclear localization sequence 

(NLS) (e.g., MPG and Pep-1) have been reported. NLSs, lysine, argi-

nine, or proline-rich short cationic CPPs can transport cargoes into the 

cell nucleus22. 
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On the other hand, in secondary amphipathic CPPs, peptides include an 

even distribution of hydrophilic and hydrophobic amino acids on the 

peptide chain, and the separation of hydrophilic and hydrophobic chains 

is conformational in α-helical structure42. This CPPs which develop sec-

ondary amphipathic α-helix, a general structural motif in several pep-

tides and proteins that interact with membranes, are involving pene-

tratin27, transportan29, and MAP31. Distinctive from cationic CPPs, de-

letion and single point mutations without amphipathicity alteration may 

hinder cellular delivery of amphipathic CPPs43,44. The tryptophan mod-

ification for peptide structure was applied as a principle for additional 

changes, including the substitution of lysine with ornithine or arginine, 

also, phosphotyrosine modification to improve interactions with mem-

brane phospholipids as in the case of the NickFect peptides45. 

 

1.7. Cell-penetrating peptides based on quantitative 
structure-activity relationship models (QSAR) 

 

QSAR models can be used for the design of effective CPPs. Molecular 

dynamics and molecular docking modeling may provide us with valua-

ble information for the illustration of the reasonable mechanisms of the 

interaction between CPPs and membranes, between a CPPs and cargo 

molecule46. Structure-activity relationships could be a helpful tool to 

make reasonable modifications of peptides. With the development of 

QSAR models, it could be used before attempting the synthesis of new 

peptides, and the synthetic work could be focused on promising candi-

dates. Thus, researchers can save resources and reduce time-

consumption for trial-and-error experiments. 
 

1.8. Nanoparticles 

 

Nanoparticles are described as particles or particulate dispersions with 

size < 200  nm47. Nanoparticles expand the opportunity for inventors, 

producers, and consumers of nearly all fields due to their unique prop-

erties at the molecular level48–68. Nanoparticles have a large specific 

surface area, possess high surface charge, and can be available with a 
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different geometry to mimic their biological counterparts. Nanoparti-

cles have remarkable features which are usually absent in their bulk 

structure69. So nanoparticles are extensively investigated in the field of 

drug delivery. Several nanomaterials have been formed, including gold 

nanoparticles, cerium oxide nanoparticles, iron oxide nanoparticles, 

carbon-based nanomaterials, and polymeric nanoparticles. Nanoparti-

cles have been applied for several applications including photonics, 

electronics, coating, cosmetics, and pharmaceuticals70. 
 

1.9. Magnetic nanoparticles (MNPs) 

 

Iron oxide magnetic nanoparticles have drawn significant research in-

terest for their application as drug delivery vectors enabling the usage 

of a magnetic field as external stimuli56,71–79. MNPs have been widely 

investigated in drug and gene delivery uses. Magnetic properties are 

essential in several biomedical purposes such as cell separation, mag-

netic resonance imaging, cell labelling, biosensing80, as well as bio-sep-

aration and purification of nucleic acids81, tissue repair, site-directed 

drug delivery and gene delivery82,83. MNPs were used for diagnosis and 

as a targeted therapy for cancer84. MNPs have unique physiochemical 

characteristics as high mechanical strength, large surface area to vol-

ume ratio, and high biocompatibility that enabled their high potential to 

enhance the efficiency of anticancer drugs and overcome the multidrug 

resistance. FDA approved MNPs as magnetic resonance imaging (MRI) 

contrast agents, and for clinical trials of other biomedical applica-

tions85,86. MNPs moreover act as effective localized heat sources, which 

has been used for hyperthermia induction as anticancer hyperthermia 

therapy87. 
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1.10. Clinical trials using MNPs for hyperthermia 

therapy 

 

MNPs have been investigated in several clinical trials, mainly in recur-

rent tumors. The workability, tolerance and the temperatures obtained 

by MNPs were estimated in 22 heavily pre-treated recurrences in pa-

tients with different histopathologies (ovarian cancer, cancer cervix, 

rectal cancer, prostate cancer and sarcoma)88. MNPs were injected ei-

ther intraoperatively under direct visual control, under CT fluoroscopy 

or transrectal ultrasound (TRUS). The procedure was appropriately tol-

erated and was done with the magnetic field applicator applying mag-

netic field strengths altering in a range from 3 to 10 kA·m−1 depending 

on the targeted tissues: pelvis, neck, thorax, and the head. The magnetic 

field activation of the MNPs achieved the temperature of 40 °C with an 

objective coverage of 86% of the target tissues. Majority of the patients 

encountered subjective feelings of heat stress; however, this did not 

limit treatment, and the subacute toxicities were moderate at one year88. 
 

In the context of recurrent prostate cancer, Johannsen et al. described 

the use of MNPs suspensions in ten patients entered on phase I clinical 

trial89. High temperatures > 55 °C could be accomplished within the 

prostate, and the MNPs could be identified even after a year in the pros-

tate, showing that a single treatment was enough89. No systemic toxicity 

was recognized through the median follow-up of 17.5 months (3–24), 

and the quality of life was only briefly impaired. A reduction in pros-

tate-specific antigen was remarked in eight of the ten patients89. 
 

The common considered data for the clinical treatment of nanoparticles 

appears from the application of magnetic fluid hyperthermia for treat-

ment of recurrent glioblastomas. MNPs with 12 nm size coated with 

aminosilane was injected into recurrent glioblastomas before twice 

weekly hyperthermia therapy using a 100 kHz alternating magnetic 

field. The median survival duration of 13.4 months recorded in 59 pa-

tients is considerably longer (10.6–16.2 months) than the average six 

months median survival spans regarded in this patients90. The treatment 

was pretty well tolerated, and post-mortem investigations remarked that 

nanoparticles were localized to areas of tumor necrosis and confined 

within macrophages91. 
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1.11. MNPs for nucleic acid delivery 

 

MNPs mediated gene transfection, and targeting was reported. Mag-

netic biomimetic contrast agents were formulated to have dual func-

tions: being active for nucleic acid delivery and magnetic detection. 

These nanoparticles were formed of functionalized MNPs cores. The 

shell can be composed of a silica layer, an inert gold layer, or a layer of 

inert metal seeds. The outer corona of these nanoparticles is usually 

formed of gold–silver nanoshell and a targeting ligand connected to the 

inactive metallic nanoshell. These nanoparticles can be used for mag-

netic resonance imaging, ablating atherosclerotic plaque or treating pri-

mary or metastatic cancers. Non-viral nanoparticles delivery vector was 

generated for siRNA transfection. The siRNA delivery vehicle was 

composed of an MNPs core and a shell of alkylated polyethyleneimine. 

The knockdown efficacy of the siRNA-loaded vectors was evaluated in 

4T1 cells and with xenograft model. Significant knockdown of lucifer-

ase was achieved, and distinctive from high-molecular-weight analogs, 

the coated particles showed biocompatibility92. 

 

MNPs could be applied to improve gene delivery of viral vectors93 and 

non-viral vectors94. In before-mentioned systems, the ONs are 

associated with MNPs, and the transfection of the targeted cells was 

achieved by the use of high-field/high-gradient magnets95.  The delivery 

efficacy of this technique is similar to commercially available ONs de-

livery vectors such as Lipofectamine95. The enhancement of the overall 

delivery levels was accomplished by applying an oscillating magnet ar-

ray system with data indicating an increase of the in vitro delivery levels 

in human airway epithelial cells compared to Lipofectamine and static 

field techniques95. Fouriki et al. studied the influences of a nonviral os-

cillating magnet array system in improving ONs delivery effectiveness 

of primary human mesenchymal stem cells (hMSCs)96. Green 

fluorescent protein (GFP) encoding plasmids were conjugated to MNPs 

and used to transfect hMSCs in vitro. Magnetic fields produced by mag-

nets positioned under the cell culture plates offers a simple method for 

direct target the MNPs-DNA to the cells. The oscillation of the mag-

netic arrays raised higher efficient endocytosis through mechanical 

stimulation. Thus, delivery efficacies, as well as cell viability, were en-

hanced. 
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Furthermore, the expression of hMSC-specific cell surface markers was 

unchanged from normal levels. This technique improved the delivery 

of plasmids to MG-63 osteoblasts, adult cardiomyocytes, and NIH3T3 

mouse embryonic fibroblasts cell lines97. In another report, Kijewska et 

al. modified MNPs by polypyrrole microvessels98, and the nanocompo-

site showed superparamagnetism. mRNA cap analogs with anti-cancer 

activity were encapsulated in the core of the microvessels, and an ex-

ternal magnetic field was applied to triggered the mRNA cap diffusion 

throughout vessel walls. The cap structure was conserved through the 

process of encapsulation and release98.  

 

The small size of superparamagnetic iron oxide nanoparticles (SPIONs, 

size < 10 nm) enhance the cells internalization and thus, promote uptake 

of these nanoparticles by cells. Wang et al. proposed that the 

conjugation of TAT peptide to SPIONs could increase the cellular up-

take of these nanoparticles99. Flow cytometry measurements showed 

that TAT-decorated SPIONs had enhanced cellular delivery, and their 

improved accumulation compared to the unmodified SPIONs is owing 

to the cationic charge of the TAT CPP and its total cationic zeta poten-

tial. In another investigation, conjugation of the Ɣ-amino-proline-de-

rived CPP with SPIONs improved the delivery of these nanoparticles 

into the COS-1 and HeLa cell lines over the analog TAT–SPION. 

Hence, this CPP was used to compose effective bimodal imaging mate-

rials100. The stability of these CPPs towards protease degradation is 

provided by the Ɣ-peptide skeleton. They showed low cytotoxicity. 

Harris et al. reported dual functions using MNPs with R6 and MMP-

cleavable PEG101. 
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1.12. Graphene-based Nanomaterials 

 

Graphene is a separated monolayer of graphite102. Graphene-based na-

nomaterials have unique chemical properties due to their structure that 

consists of a single flat layer of carbon atoms packed into a hexagonal 

arrangement with sp2 hybridization as 2D honeycomb lattice. This lat-

tice is a fundamental building block for all other graphitic materials. 

Graphene structure reveals unique physical-chemical properties 

including large surface area, electronic flexibility103–105, and optical, 

thermal, mechanical properties106. These valuable properties permit its 

applications in different fields as flexible electronics, hydrogen stor-

age107, biosensing108,  DNA sequencing109 and others110–118. Graphite 

(stacked-up graphene monolayers), single-walled carbon nanotubes 

(SWCNTs, rolled-up graphene monolayers), and fullerenes (wrapped-

up graphene) were reported for gene delivery119. Graphene oxide (GO) 

and reduced graphene oxide (rGO) are developed after oxidation and 

oxidation/reduction processes of graphite, respectively120. GO has the 

potential for biological and biochemical applicability since it is rich by 

oxygen-containing functional groups and shows high dispersion in wa-

ter and other polar solvents121. 
 

In 2008, Dai et al. described the synthesis of nanoscale GO as a drug 

delivery vector121. They reported that the polyethylene glycol (PEG)-

modified GO could be used to load doxorubicin the anti-cancer drug by 

hydrophobic π stacking and induce apoptosis of cancer cells in vitro. 

Following that, graphene has been considered as an attractive nanocar-

rier for drug delivery due to various reasons122,123. It has a two-dimen-

sional single layer structure, which could give a larger surface area. It 

has been published that the packing mass of drugs could be 200% of the 

graphene-based drug vector124. Secondly, graphene-based derivatives 

have a leading chemical and mechanical stability125, enabling graphene-

based nanomaterials suitability for various delivery conditions. 

Furthermore, the surface modification of graphene and its derivatives 

via the formation of covalent or non-covalent bonds is straightforward 

process126. Thus, it can be used for nanohybrids materials. Graphene-

based nanomaterials have powerful optical adsorption in the near-infra-

red range, proposing them as leading agents for photothermal and pho-

todynamic therapy127,128. 
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1.13. Graphene mediated nucleic acid and protein 

delivery 

 

Graphene-based nanomaterials are suitable vectors for nucleic acid de-

livery due to their high loading capacity and enhanced ONs transfection 

efficacy. Graphene-based nanomaterials were modified by polymers, 

such as polyamidoamine (PAMAM)98, chitosan129, and polyethylene-

imine (PEI)130. Zhang et al. applied PEI-conjugated GO for cell trans-

fection for siRNA and doxorubicin (DOX)131, presenting a synergistic 

influence that led to significantly enhanced biological efficiency. Liu et 

al. investigated the potential of PEI-functionalized GO for ONs deliv-

ery using various molecular weights of PEI132. They reported that the 

materials have low cytotoxicity and are potent for ONs transfection 

nanocarrier with high delivery efficacy. GO functionalized lactosylated 

chitosan oligosaccharide (GO-LCO) was synthesized for the targeted 

transfection of ONs to human hepatic carcinoma cells (QGY-7703)133. 

The loading capacity of FAM-DNA was high, and it was delivered to 

QGY-7703 within 0.5 h. Besides, no apparent toxicity was noted even 

at significantly high concentrations. Hu et al. synthesized GO modified 

folate-conjugated trimethyl chitosan (GO-FTMC)  via electrostatic self-

assembly to investigate the targeted transfection of plasmid DNA 

(pDNA)129. The presence of FTMC could delay the movement of 

pDNA and promote pDNA condensation. Liu et al. prepared graphene-

oleate-PAMAM dendrimer hybrids through oleic acid adsorption ac-

companied by covalent linkage of PAMAM dendrimers as ONs trans-

fection vectors98.  
 

Graphene-oleate-PAMAM showed good dispersion in aqueous solu-

tions and high biocompatibility for HeLa cells but exposed cytotoxicity 

to MG-63 cells at concentrations >20 mg/ml. Graphene-oleate-

PAMAM loaded pEGFP-N1 (25%) showed a GFP gene delivery effi-

cacy of 18.3% using HeLa cells. GO modified with PAMAM den-

drimer-grafted gadolinium134, and mPEGylated GO conjugated with 

poly(2-dimethylaminoethyl methacrylate)(PDMAEMA) nanohy-

brids135 were prepared for RNA transfection to enhanced the cellular 

delivery efficacy and the biocompatibility. Teimouri et al. developed 

three GO-based vectors for ONs transfection based on the conjugation 

of GO with cationic polymers of PEI, polypropylenimine (PPI), and 

PAMAM to compare their cytotoxicity and delivery efficacy130. GFP 

was used to estimate the cellular delivery efficacy, and the data revealed 
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that PEI-GO conjugate was nine-fold higher efficient in the EGFP-

transfected cells. Choi et al. prepared GO-PEI complexes to load 

mRNA for clinical applications efficiently136. They reported that human 

induced pluripotent stem cells (iPSCs) could be produced from adult 

adipose tissue-derived fibroblasts without the need for repeated daily 

transfection136. 
 

Furthermore, proteins can be transfected using graphene-based vectors. 

Zhang et al. described the co-delivery of ribonuclease A and protein 

kinase A to the cell cytoplasm avoiding enzymatic hydrolysis and loss 

of biological activity, by using GO-PEG for loading proteins through 

noncovalent interactions137. Hong et al. used multilayer GO-poly (β-

amino ester) as a delivery vector for ovalbumin, a protein antigen138. 

Data showed that the multilayer films prevented the initial release of 

ovalbumin and could be accurately controlled to promote ovalbumin 

release by the use of electrochemical potentials. Additional models in-

volve loading GO-coated Ti substrate with bone morphogenic protein-

2 (BMP-2) to improve the differentiation of human mesenchymal stem 

cells (MSCs), which further revealed robust new bone generation with 

this Ti-GO-BMP2 implant139. Moreover, Geest et al. described the in-

tracellular protein vaccine transfection of GO-adsorbed proteins that 

could be internalized efficiently by dendritic cells and improved antigen 

cross-presentation to CD8 T cells140. 
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1.14. Autophagy 

 

Autophagy is a catabolic pathway that controls nutrient regeneration 

through degradation of nonfunctional proteins and organelles via lyso-

somal-mediated degradation141. Autophagy is commonly admitted as 

cytoprotective pathway protecting from neurodegenerative diseases, a 

diversity of clinical interruptions are leading to enhance autophagy as a 

therapeutic strategy. Autophagy happens constitutively at a basal rate 

supporting normal cellular conditions to keep homeostasis for meta-

bolic regulation and intracellular recycling. Autophagy is promoted 

through several pathological and physiological states as starvation. The 

cells react to these situations by transforming these signals into various 

catabolic and anabolic responses. The cells catabolize the damaged cel-

lular elements for producing substrates for supporting adenosine tri-

phosphate (ATP) generation through times of nutrient need142.  
 

Autophagy pathway includes the generation of unique structures that 

isolate the target materials (cargo), engulfs and delivers them into the 

autolysosomes for degradation143. Based on the method of delivery of 

cargo into the autolysosome, three kinds of autophagy have been 

distinguished: microautophagy, macroautophagy, and chaperone-medi-

ated autophagy. Microautophagy is the cellular degradation pathway 

where the lysosomal membrane elongates to invaginate the target con-

tents. Electron microscopy images show a linear relation of the number 

of microautophagic structures with the targeted protein turnover144.  

Macroautophagy is the second kind of autophagy which includes the 

generation of specialized structures called autophagosomes to entrap 

the targeted contents145. After that, the autophagosome fuses with a ly-

sosome for degradation. The pathway is constituted of a series of events 

concerning the formation of the autophagosome, its fusion with the ly-

sosome and finally the degradation146. Macroautophagy is the primary 

pathway done by the cells to degrade the defected cellular organelles 

and other similar debris. The third kind of autophagy is the chaperone-

mediated autophagy (CMA). This pathway demands a motif peptide se-

quence with pattern homologous to KFERQ sequence in proteins for 

degradation. The proteins holding this motif sequence are identified by 

HSC70, a chaperone protein that carries them to the lysosomal mem-

brane. The proteins are then brought into the lysosome by a membrane 

receptor called LAMP-2A and are degraded in the lysosomal lumen. 

This pathway is specific as the degradation is restricted to the proteins 
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that have the motif sequence. CMA regulates the proteasomal degrada-

tion of proteins and controls their cellular levels147. 
 

Autophagy role in cancer development is still unclear and under 

investigation. Although, cancer is the disease where notable current in-

vestigations by trying to manipulate autophagy for therapeutic develop-

ment is studying, and handfuls of clinical trials are using autophagy in-

terference with chloroquine or hydroxychloroquine in association with 

various medications for the therapy of multiple neoplasms148. Autoph-

agy helps cells to sustain intracellular homeostasis and respond to stress 

by degrading organelles, proteins, and several cellular elements through 

the lysosomal degradation pathway. Abnormalities in autophagy and 

acquired mutations in autophagy-related genes, known as ATG genes, 

which regulate autophagy have been connected with human diseases, 

like neurological diseases, infectious disease, metabolic disorders, au-

toimmune diseases, and cancer. These connections reveal that therapeu-

tics to induce or inhibit autophagy can be advantageous to treat or in-

hibit disease149. 

 

1.15. Manipulating Autophagy for Therapy 

 

Autophagy is controlled transcriptionally by MITF and FOXO groups 

of transcription factors150, as well as ATF and CREB151, and is further 

regulated through post-translational modifications enabling its pharma-

cological manipulation both positively and negatively152–154. For in-

stance, the mammalian target of rapamycin (mTOR) complex 

mTORC1 inhibits autophagy. Accordingly, mTOR inhibitors are com-

monly used to stimulate autophagy. mTORC2 has been connected to 

autophagy, despite this may be specific for CMA155. Independent of 

mTOR regulated autophagy, the naturally occurring disaccharide, tre-

halose, that acts independent of mTOR156, induces autophagy to protect 

from several liver diseases by altering glucose transporters157. 

Macroautophagy is controlled by nutrient availability through regula-

tion by mTORC1, that next situation of nutrient availability can inhibit 

the induction of Ulk1/2 complexes. ULK complexes stimulate Beclin-

1 complex148. Further medications inhibit autophagy via inhibitors of 

the protein kinases, ULK1, ULK2 and the class III phosphoinositide-3-

kinase (VPS34)158. VPS34 is a protein member of the BCL-2 interacting 
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moesin-like coiled-coil protein 1, (Beclin-1) signalling complex. Be-

clin-1 includes a BH3 domain, allowing it to interact with other BH3 

containing proteins, covering B-cell CLL/lymphoma 2 (BCL-2)159. 
 

The downstream functions of the Beclin-1 complex can modify autoph-

agy influence, based on the molecules forming the complex beside it160. 

Further components of the complex include ultraviolet irradiation re-

sistant-associated gene (UVRAG), SH3GLB2 (BIF-1), and activating 

molecule in Beclin-1 regulated autophagy 1 (AMBRA1). Part of these 

interactions can be pharmacologically manipulated. BH3 mimetics as 

Venetoclax, which was designed to stimulate apoptosis by interrupting 

BCL-2 synergies at the mitochondria, moreover, prevent interactions 

between Beclin-1 and BCL-2 to induce autophagy161. Though this path-

way has been investigated, and it has been proposed that BH3 mimetics 

may only promote autophagy by auxiliary mechanisms that happen fol-

lowing they have hit their target162.  
 

A modified CPP, Tat-Beclin1, prevented interaction in the Beclin-1 

complex to begin autophagy163. Alongside the different medications 

that can manipulate autophagy164, non-pharmacological strategies like 

exercises and caloric restriction further influence autophagy. For exam-

ple, physical training targets the Beclin-1 signalling complex to begin 

autophagy that can protect mice from diabetes165.  
 

The ubiquitin-like protein ATG12 reveals an interaction with ATG5 in 

a pathway dependant on the E1-like enzyme, ATG7. A similar lipid 

conjugation system (using ATG7) connects phosphatidylethanolamine 

(PE) to the Microtubule-Associated Protein 1 Light Chain 3 

(MAP1LC3), further GABA type A receptor-associated protein 

(GABARAP) groups of proteins. LC3-PE complexation is following 

cleavage and processing of LC3 by the protease, ATG4B, that can be 

inhibited pharmacologically166. The final step is a fusion of the 

autophagosome with the lysosome, mediated by the SNARE protein 

STX17167. The action mentioned before can be blocked with lysosomal 

inhibitors like Bafilomycin A1, chloroquine (CQ) or hydroxychloro-

quine (HCQ). When fusion is complete; the lysosomal hydrolases de-

grade the cargos of the autophagosomes giving nutrients, amino acids, 

and lipids that are provided to fuel protein synthesis and other macro-

molecular production and metabolism148. 
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2. Aims 

This thesis aims to develop novel drug delivery vectors with high effi-

ciency including targeting ability. Furthermore, it discusses the cellular 

uptake mechanism.  
 

2.1. Paper I 

 

Peptide-based nonviral delivery vectors are a promising class for deliv-

ering gene therapeutic agents. In silico design is one of the strategies 

for improving the efficiency of the peptide-based gene therapy vectors. 

The method can be used for the design of new peptides based on the 

structure-activity knowledge of former peptides. For designing CPP 

transfection vectors based on an FQSAR relating earlier described pep-

tide model amphipathic peptides. Various QSAR models were gener-

ated to refine and enhance the predictability of the biological effect for 

the predicted peptides. The current FQSAR models aimed to produce 

new sequences to study the function of the sequence of the peptides on 

the uptake potency. Then, the predicted peptides were synthesized and 

examined for biological activity.  
 

2.2. Paper II 

 

 

Applications of nanoparticles are investigated as co-nonviral vectors 

with CPPs. Nanoparticles offer new possibilities for the gene or drug 

delivery. Magnetic nanoparticles in assembling drug or gene delivery 

vectors are promising due to their efficacy for the drug delivery, the 

easy modification of its surface and being biocompatible. Magnetic na-

noparticles offer selective targeting for drug delivery vectors based on 
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its magnetic properties enabling magnetic targeting for the new vectors. 

Magnetic nanoparticles can protect the gene therapeutic agents assem-

bled in the new vectors against nuclease degradation and enhance their 

stability. The cationic surfaces of magnetic nanoparticles can assist the 

assembly of the nucleic acid cargos of the gene delivery vectors as the 

nucleic acids have anionic phosphorothioate groups enabling electro-

static interactions with the cationic magnetic nanoparticles. 
 

2.3. Paper III 

 

Paper III aimed to have higher biological efficacy, by using Graphene 

oxide (GO) as a building block for the nucleic acid delivery vectors. 

GO offers a high aspect ratio and surface area which is approximately 

ten fold of other nanomaterials with high biocompatibility168. Graphene 

oxide enables the design of smart vectors for drug delivery and tissue-

specific targeting controlled drug delivery vectors, providing bimodal 

photothermal and photodynamic therapy for tumors. The conjugation 

of GO nanosheets with biomolecules including CPP and nucleic acid 

cargos is simple and can advance new vectors with multifunctional ap-

plications. 

 

2.4. Paper IV 

 

The uptake process of CPP is kinetic, so the RNA expression pattern 

reflects the sub-cellular responses triggered by transfection. Here, we 

aimed at investigating the gene expression profiles of transfected HeLa 

cells by performing RNA sequencing analysis and associating it with 

cellular pathways that might be controlling the transfection process. 

Additionally, we have confirmed the regulation of identified genes by 

transfection studies conducted in the presence and absence of small 

molecule ligands these particular gene products. 
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3. Methodological considerations 

In this thesis, several analytical methods were used for the synthesis, 

characterization, and application of cell-penetrating peptides. A brief 

description of these techniques is presented in this chapter. 

 

3.1 Cell-penetrating peptide design 

 

A standard peptide model is usually required to investigate the 

efficiency of CPPs. We selected PF14 as an active model peptide to be 

used in this thesis as a control for the novel designed peptides, hybrid 

oligonucleotide delivery vectors, and in the uptake pathway 

investigation. Also, data of former PepFect CPPs were used to be 

fragmented in biological-structural-based aspects to feed a model for 

the designing of the new peptides. 

3.2. Structure-activity relationships 

 

Structure-activity relationships correlate results of various peptides, 

such as the biological response to the design of the peptides. Quantita-

tive structure-activity relationship (QSAR) models can be used for the-

oretical prediction of peptides (virtual screening). Retrieved QSAR 

models may shed light on activity, mechanisms of action, a possible 

selectivity of peptides, etc.169. Therefore, in the paper I, a quantitative 

structure-activity model was designed to correlate the physiochemical 

properties of the studied peptides to its biological activity (in this case 

the measured luminescence after peptide-mediated delivery of a lucif-

erase-encoding plasmid). QSAR analyze various descriptions of predic-

tors and a computer-based relationship of related element parameters. 
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The purpose of QSAR modeling is to identify geometrical correlations 

between the predictors and the activity of a compound. Modelling in 

QSAR gives predictions that can be validated compared to the dataset 

itself or by using an external dataset. The basic theory of all QSAR 

models is that related molecules maintain relevant characteristics170. 
 

In the paper I, the QSAR model was designed based on 200 molecular 

characteristics of the parent peptides to be descriptors per peptide as 

independent variables, determined with Assisted Model Building with 

Energy Refinement (AMBER) molecular mechanics (Hyperchem, hy-

per.com). In the QSAR model, all peptides were assumed to have α-

helical structures. Initial models were designed using the program 

FQSAR Model, and the models having best matching descriptors for 

the experimental biological result were chosen. 

 

3.3. Solid-phase peptide synthesis 

 

The newly peptides were designed based on the developed QSAR 

model solid-phase peptide synthesis (SPPS). SPPS is a standard tech-

nique for the synthesis of peptides for both research and therapeutic 

prospects. Purification is usually used after coupling of every amino 

acid. The purification takes places by chromatography and extraction 

using silica gel columns. The process is a time-consuming process. In 

1963, Merrifield developed the SPPS approach for synthesizing pep-

tides171. The peptide is attached physicochemically through its C-termi-

nus to a solid phase, which allows for filtration to be used to replace 

consumed reagents with fresh reagents for the next step of the reaction. 

In this thesis, the peptide was synthesized using a stepwise sequence of 

amino acids addition through coupling followed by de-protection of 

every amino acid. Addition occurs through amide bond formation be-

tween the carboxylic acid of the new amino acid to a free amine on the 

attached peptide chain growing on the resin support. In the Fmoc 

scheme, the peptide is connected to the solid support by an acid liable 

linker. As a way to make the reaction specific, amino acids with a pro-

tection group hiding their α-amine are used for the coupling addition; 

the protection group is 9-fluorenylmethyloxycarbonyl (Fmoc). This 
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group is efficiently separated from the amino acid (or deprotected) us-

ing a base like piperidine or piperazine. The amino acid side-chains are 

protected with acid labile groups. After attachment of each amino acid, 

the Fmoc group is removed before the next amino acid is coupled. 

When the full sequence of the peptide is synthesized, the resin solid 

support and protection groups of the side chains are cleaved by using 

acid, generating an unprotected peptide. 
 

All investigated peptides were synthesized using one of two automated 

peptide synthesis machines (Syro II, Multisyntech GmBH or Alstra+, 

Biotage AB, Uppsala, Sweden). The peptide was modified using stearic 

acid. All peptides were synthesized using an H-Rink-Amide-ChemMa-

trix resin (PCAS Biomatrix, St-Jean-sur-Richelieu (province of Que-

bec), Canada), this kind of resin gives peptides with amidated C-ter-

mini. The peptides are cleaved from the resin, by using 95% trifluoroa-

cetic acid (TFA), 2.5% H2O and 2.5% triisopropylsilane (TIS), and then 

cleaved peptides were precipitated in ether followed by lyophilization. 

Reversed-phase high-performance liquid chromatography (HPLC) was 

used in Crude peptides purification using semi-preparative column. 

Pure peptides masses were measured using matrix-assisted laser de-

sorption/ionization-time of flight mass spectrometry (MALDI-TOF-

MS). The purified peptides with exact masses were lyophilized over 

then dissolved in ultrapure water (Milli-Q, Merck Millipore) before use. 
 

3.4. Characterization of the peptide-based vectors 

 

3.4.1. Dynamic light scattering 

 

The particles size is an important key parameter that influences their 

characteristics and safety in biological systems. Dynamic light scatter-

ing (DLS), can be called as photon correlation spectroscopy (PCS) or 

quasi-elastic light scattering, is used to measure the particle size distri-

bution in solution. DLS is based on fluctuations generated by the 

Brownian diffusion of spherical particles, where the Brownian motion 

of the particles is associated to a comparable hydrodynamic diameter. 
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The measuring instrument focuses a beam of laser light into the nano-

particle solution, and a photon detector estimates the intensity of the 

Doppler shift of the incident radiation, this intensity is time-dependent 

on the fluctuations. The sizes of peptides complexed with ONs as par-

ticles are calculated by using the Stokes-Einstein equation which corre-

lates the timescale of particle diffusion to the comparable sphere hydro-

dynamic diameter of the particle. This relation is based on both the tem-

perature of the samples and the viscosity of the solutions172.   
 

3.4.2. Zeta (ζ)-potential 

 

The superficial charge (zeta potential, ζ) of nanoparticles including 

CPPs affects their efficiency. ζ-potential is the difference in potential 

between the stationary layers of fluid associated with a dispersed parti-

cle corresponding to that of the dispersion medium. Ζ-potential meas-

urement is based on the electrophoretic velocity that is proportional to 

the electrophoretic mobility. Our measurements take placed using 

Zetasizer Nano ZS (Malvern Instruments, Malvert, UK). 

 

3.4.3. Electron microscopy 

 

The imaging of nanoparticles using electron microscopy (EM) has been 

advanced materials and biological applications173. Our understanding 

of nanoparticles and peptides structures is based on various EM contri-

butions. As in many other fields in materials chemistry and biology, EM 

has made exceptional contributions to the understanding of the drug de-

livery vectors structure and its relationship with biological function. So, 

we used transmission electron microscopy (TEM) and scanning elec-

tron microscopy (SEM) in the characterization of our new drug delivery 

vectors in papers II, III, and IV. 
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3.4.4. Confocal microscopy 

 

The development of confocal microscopes was inspired considerably 

by the need to image biological events as they occur in cells. Marvin 

Minsky built a confocal microscope in 1955 with the aim of imaging 

neural networks in unstained specimens of living brains. All of the 

standard confocal imaging systems apply the principle of confocal im-

aging that Minsky patented in 1957174. 

Live cell microscopy of fluorescently labelled ONs offers visualization 

of our peptide vectors delivery process. Accordingly, in this thesis up-

take investigations were done in the proper physiological context, that 

is, on living cells in the papers II and III and under relevant stimuli from 

small molecule ligands regulating protein function to investigate its role 

in the uptake process in paper IV. Confocal microscopy provided a 

sensitive and fast tool to document individual molecular activities reli-

ably. 

 

3.5. Cell culture and treatment 

 

HEK-293 (human embryonic kidney), HeLa (Human ovarian cancer), 

and HeLa pLuc705 cell lines were used as in vitro models.  HeLa 

pLuc705 cells are a gift from Prof. Ryszard Kole (University of North 

Carolina, Chapel Hill, NC, USA). HeLa pLuc705 cell line is stably 

transfected with a luciferase-encoding gene interrupted by a mutated β-

globin intron 2. All cell lines used in this thesis are immortalized lines, 

which are straightforward to sustain and grow active in the lab. HeLa is 

the eldest stable human cell culture and is the commonly used cell line 

in the world175. The HeLa pLuc 705 cell line was used in luciferase-

based splice-correction assays176. HEK cells are a different broadly 

used model system; the cells were generated from a kidney cell culture 

exposed to adenovirus type 5 DNA177, although the exact cellular origin 

is unknown and it could be neuronal. Cells were grown in incubator 

maintaining 5% CO2, 37°C, in Dulbecco’s modified Eagle’s medium 

with glutamate supplemented with 10% fetal bovine serum, 0.1 mM 

non-essential amino acids, 200 U/ml penicillin, and 200 μg/ml strepto-

mycin (Invitrogen, Stockholm, Sweden). 
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3.6. Luciferase assay 

 

Reporter assays are widely applied for the screening of ONs delivery 

in-vitro and in-vivo178. So, for measuring the nucleic acid delivery effi-

ciency by the peptides investigated in this thesis luciferase assay was 

used. Luciferase enzyme is a common reporter gene that catalyzes bio-

luminescence reactions and is used most commonly because it is sensi-

tive and has linear response range that is superior to those of regular 

reporters including β-galactosidase, β-glucuronidase, chloramphenicol 

acetyltransferase and fluorescent proteins179.  

Bioluminescence is a straightforward reaction that is triggered by the 

addition of luciferin solution to the lysed cells expressing luciferase en-

zyme. Luciferase is a suitable reporter enzyme for the quantitative 

measurement of gene expression indicating the quantity of ON delivery. 

So, transfecting a luciferase encoding plasmid to a cell that does not 

ordinarily express the enzyme produces a measurable increase in light 

yield that is linearly related to the quantity of luciferase expressed in 

the cells. Also, transfection of siRNA of luciferase to a cell that now 

expresses luciferase will be presented in a decrease of enzyme and con-

sequently a reduction in light generation.  
 

3.7. Plasmid transfection assay 

 

In the papers I, II and III the rLuc (renilla Luc) luciferase plasmid-based 

uptake assay was used for estimating the new peptide-based vectors ef-

ficacy in the delivery of plasmid DNA. A firefly luciferase expressing 

plasmids were transfected into the cells by non-covalent complex for-

mation with peptides in charge ratios concentrations based on calcula-

tions of the positive charges of the peptides and the negative charges of 

the plasmid. Following addition of the complexes, the cells were 

incubated for 24 h; then the cells were lysed, followed by the addition 

of the luciferin substrate and luminescence measurements. The luciferin 

substrate was a commercial luciferase assay kits containing coenzyme 

A with luciferin together for enhanced light intensity and stability. In 

the papers, II and III, hybrid peptide and nanoparticles-based vectors 

were formed by the non-covalent addition of the nanoparticles to the 

plasmids before addition of the peptides. 
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3.8. Splice correction assay 

 

In all papers, the splice correction test, was developed by Kang et al., 

implements a refined quantitative assessment of the cellular delivery 

potency of SCOs. The test is based on HeLa cells that have been stably 

transfected with luciferase-expressing plasmid pLuc 705, in this case, 

the plasmid is containing a luciferase-encoding gene disrupted by a mu-

tated intron from a β-thalassemic globin gene. The intronic mutations 

result in a splice site that is expressed in non-functional luciferase. 

Blocking the mutation site using antisense ON restore the splice correc-

tion machinery to generate functional luciferase enzyme. In papers II 

and III, the splice correcting hybrid vectors were formed by the addition 

of the nanoparticles to the SCO before complexation with the peptides. 

3.9. RNA sequencing 

 

RNA sequencing was used to investigate the influence of the cell pen-

etrating peptide as a delivery vector on the RNA expression levels. 

Global gene expression investigations with total RNA sequencing offer 

a high-throughput method for the identification of genes and gene net-

works associated with the peptide transfection. Progress in this high-

throughput technology over the past two decades has directed to inno-

vative insights into the uptake mechanisms of drugs and their delivery 

vectors. Till recently, the microarray has expressed the most important 

method to study gene expression regulations180,181. Though the 

microarray relies on an indirect quantification by hybridization, 

resulting in various weaknesses including high background as result of 

cross-hybridization182, and the need for prior knowledge of sequences 

to be investigated. RNA-Seq has achieved growing prevalence and re-

placed microarrays as the principal high-throughput option for quanti-

fying the whole transcriptome183. RNA-Seq is based on next-generation 

sequencing that directly resolves the cDNA sequence. It efficiently 

overcomes the limitations of microarray: a previous sequence 

knowledge is not needed; various layers including exon, gene-level and 

isoform quantification can be measured; and broad dynamic range can 

be investigated184. RNA-Seq technology has presented an ideal method 

to examine the transcriptomic regulations shedding light on uptake 

pathways of our peptide transfection model in paper IV.  
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4. Results 

4.1. Paper I 

 

In the first paper, we used two sets of newly designed peptides based 

on the two independent fragmentation schemes and applying the corre-

sponding structure-activity relationship. Every fragment library was 

used to develop hundreds of new peptides in a combinatorial way, and 

the relevant FQSAR models were used to predict the LogBE. The new 

peptides with a LogBE value higher than five but below seven were 

investigated. For each fragmentation scheme, the best eight peptides re-

garding the predicted LogBE were analyzed for more selection. Thus, 

the number of predicted peptides was decreased to 16 peptides. Follow-

ing the fundamental analysis, the work focused on the best five peptides 

for more chemical synthesis and biological tests. For the biological ac-

tivity measurement, the newly designed and synthesized peptides were 

used for pGL3 plasmid transfection, and the luciferase assay was used 

to measure the luminescence indicating the efficacy of the delivery of 

each new peptide compared to control peptide PepFect 220. Statistical 

analysis by two-way ANOVA revealed that PepFect 220 and PepFect 

221 were more capable of delivering the plasmids inside the cells than 

PepFect 21. PepFect 224 peptide was equivalent to PepFect 21.  

 

4.2. Paper II 

 

In paper II, CPP assembly MNPs and nucleic acid cargos were 

investigated. CPPs PF220, PF221, PF222, PF223, PF224, and PF14 

were tested in complexation with a plasmid (pGL3), SCO and siRNA 

with and without MNPs were examined (Scheme 1). The morphological 

study of PF14 was done using SEM. SEM revealed that PF14 particles 

have sizes in the range of 100–500 nm. The morphological analysis of 
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Scheme 1: Formulation of the nucleic acid delivery vector by assembling with MNPs 
first then adding CPPs to transfect the cells. The image is adapted with permission 
from Ref.185 (Paper II). 

the newly assembled vectors with and without the MNPs was investi-

gated using SEM. SEM images were used for characterization of the 

morphologies of CPP/ON complexes with and without the MNPs. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

The characterization of PF14/pGL3, PF14/SCO, and PF14/siRNA 

showed aggregation of the subunits, and the MNPs demonstrated dis-

tribution in the complexes of CPPs/ONs. SEM showed the characteris-

tic well-defined morphology of PF221/pGL3/MNPs, 

PF220/SCO/MNPs, and PF14/siRNA/MNPs in compared to the other 

CPPs/ONs/MNPs. PF221/pGL3/MNPs is formed from subunits of the 

nano-complexes with sizes less than 100 nm as shown in SEM images. 

TEM images revealed that the MNPs are well dispersed in the com-

plexes of CPPs/pGL3, CPPs/SCO, and CPPs/siRNA. MNPS are less 

aggregated in the complexes of PF14/siRNA compared to the 

complexes of CPPs/pGL3 and CPPs/SCO. The synthesized MNPs had 

a positive zeta potential.   
 

We investigated the complexes transfection ability of 

CPPs/pGL3/MNPs (CPPs; PF220, PF221, PF222, PF223, and PF224) 

in Hela cells. We measured the luminescence intensities after overnight 

treatment. The statistical analysis applying a two-way ANOVA test of 

CPPs/pGL3/MNPs (CPPs; PF220, PF221, PF222, PF223, PF224) pre-

sents no significant changes for PF220 or PF224. However, complexes 

of CPPs/pGL3/MNPs (CPPs; PF221, PF222, PF223) present higher ef-

ficiency (2–100 folds) compared to the similar CPPs/pGL3 without 
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MNPs. Splice correction oligonucleotide (SCO) assay was used to eval-

uate the transfection efficiency.  All the results demonstrate that the in-

volvement of MNPs increases the effectiveness of the PF14/SCO com-

plexes.  The SCO activity was improved by four times for PF14/SCO 

when MNPs was integrated into the complexes. The delivery of siRNA 

against the luciferase mRNA was investigated.  PF14/siRNA/MNPs 

displayed significant down-regulation of the luciferase activity com-

pared to PF14/siRNA with the same concentration.  
 

The cellular uptake through Scavenger class A (SCARA) was 

investigated. HeLa cells were treated with small molecules inhibitors 

for SCARA (Dextran sulfate (Dex), polyinosinic acid (Poly I) or fu-

coidin (Fuc)). Moreover, their respective controls, e.g. structurally sim-

ilar compounds (Chondroitin sulfate (Chon), polycytidylic acid (Poly 

C) or galactose (Gal)) before treatment with PF14/SCO/MNPs com-

plexes. The controls Chon, Poly C, and Gal, lack affinity for SCARA. 

The SCO activity achieved by PF14/MNPs transfection is significantly 

reduced by using either inhibitor. The analogous inhibitor controls dis-

play no significant inhibition of the SCO activity. fucoidin (Fuc) and 

Dextran sulfate inhibit SCO activity mediated by PF14/SCO/MNPs 

transfection by more than 90%. 

 

4.3. Paper III 

 

TEM images of graphene oxide (GO) and GO/ONs/CPPs show a parti-

cle size of 100 nm. GO has negative zeta potential − 25 mV. The FT-

IR spectrum of GO indicates the presence of various oxygen-containing 

functional groups in the GO structure including epoxide, carboxyl, and 

C–OH. FT-IR spectra were recorded showing the chemical covalent 

bonding between GO and CPPs (PF14 and PF221). The recording of a 

peak assigned to hydroxyl (namely phenol, C–OH) groups proves there 

are covalent bonding between GO and PF14 or PF221. Furthermore, 

the complexation of GO/CPPs (PF14 or PF221) with SCO are proved 

using FT-IR. The presence of SCO in the assembled vector with 

GO/CPPs (PF14 or PF221) is approved from the peaks of the deoxyri-

bose region and stretching vibration of the phosphate groups in SCO. 

The functionalized GO/ONs/CPPs conserve the lamellar structure of 

GO. The analysis reveals a definite dark contrast of GO nanosheets. 
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GO/PF14 displays the structure of core-shell for pGL3 and siRNA. The 

modification of GO with ONs (pGL3, SCO, or siRNA) and CPPs 

(CPPs; PF14 or PF221) preserve the particle size of GO nanoparticles 

(133 nm). SEM analysis proves no change of the GO morphology. 

GO/siRNA/PF221 complexes display well-defined spherical particles. 

Energy dispersive X-ray (EDX) spectroscopy verifies the presence of 

the ONs in the complexes.  
 

Transfection of HeLa cell using pGL3 Luciferase was examined. 

GO/pGL3 performs no gene transfection. GO/PF14/pGL3 produces an 

increase of the plasmid transfection by ~ 2 folds compared to 

pGL3/PF14. GO/pGL3/PF221 shows a 2.5-fold increase in transfection 

efficiency compared to pGL3/PF221. GO/SCO/PF14 transfection pro-

motes >25-fold increase in splice correction activity compared to 

PF14/SCO. The mixture of GO/SCO provides no splice correction. The 

transfection using GO/SCO/PF221 shows an enhancement of the splice 

correction activity by ~ 17 folds. For studying cellular uptake through 

SCARA route, HeLa cells were treated with SCARA inhibitors before 

the transfection of GO/SCO/PF14 complexes. SCO activity mediated 

by GO/PF14 is strongly inhibited using the SCARA inhibitors. On the 

other hand, there is no influence on SCO activity for the controls. 

 

4.4. Paper IV 

 

We performed RNA sequencing analysis to investigate the influences 

of CPPs on the gene expression of HeLa cells. We used PF14 as a model 

CPP and analyzed the pattern of gene expression in cells treated with 

CPP compared to that of untreated cells. Moreover, we examined the 

impact of cargo molecule on the gene expression. We analysed the gene 

expression pattern in cells treated with PF14 complexed with cargo 

(PF14/SCO) to cells treated with PF14 and untreated cells. Our RNA 

sequencing data revealed the gene expression differences in case of 

treatment with PF14 and PF14/SCO. There were 292 significant genes 

differentially expressed in PF14 treatment and 934 genes in PF14/SCO 

complex. We used Ingenuity Pathway (IPA) interpretation to assign 

genes with significant expression changes in the relevant pathways. 

Based on the results of IPA analysis, PF14 has influenced multiple path-

ways regulating autophagy pathway. 
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After RNA sequencing, we decided to use qPCR to verify several of the 

most differentially expressed genes. The genes were chosen according 

to their potential to influence the autophagy due to the possible function 

of autophagy pathway in the control of the transfection process. The 

qPCR results enabled us to determine the cycle threshold of gene am-

plification. These cycle thresholds were then examined using the cycle 

threshold of the reference genes compared to untreated controls. Ex-

pression of 26 autophagy-related genes was analyzed.  In the PF14 

treatment NCOA7, APOBR, CTGF, PTK2, IGFBP1, PTGER4 and 

HRH1 expression was upregulated by at least two folds.  

Furthermore, data shows 4-folds improvement for CTGF, NCOA7, and 

APOBR expression. On the other hand, ULK1, FOXJ2, ATG14, 

PIK3R3, and SESN2, revealed downregulation of expression by at least 

0.5-fold changes. LDLR expression displayed a remarkable down-reg-

ulation by ten times. For PF14/SCO complex treatment experiments, 

we got an entirely distinct profile pattern with essentially down-regula-

tion of the autophagy-related genes. These variations in the gene ex-

pression regulation profile can be a result of the structural differences 

among nanoparticle developed by cationic molecule and the complex 

composed of cationic and anionic molecules.  
 

We treated HeLa cells with ligands that modulate autophagy pathway 

before we did PF14/SCO transfection. These ligands are acknowledged 

to activate or inhibit distinct proteins in the pathway. We chose the pro-

teins targeted with ligands depending on the selected genes from the 

pathway analysis. This choice covered protein having a potential to in-

fluence autophagy based on the pathway analysis. CTGF inhibitor and 

focal adhesion kinase (FAK) inhibitor diminished 75% of the splice 

correction activity.  

Furthermore, HMG-CoA reductase inhibitor and Prostaglandin E2 re-

duced 60% of the splice correction activity. Also starvation as an 

autophagy inducer significantly decreased the splice correction activity. 

However, splice correction efficacy was enhanced with ligand mTOR 

activator and TLR4 inhibitor. Moreover, the β-adrenoceptor antagonist 

increased the splice correction activity by 5-fold. 
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5. Discussion 

Gene therapy using therapeutic agents such as ONs is usually limited 

due to cell charges, or nuclease degradation. Cell-penetrating peptide-

based vectors as delivery vectors for the gene therapy are promising due 

to several reasons compared to viral and nonviral vectors. The combi-

nation of CPPs and inorganic nanoparticles is promising to overcome 

some of the challenges for CPPs. Nanoparticles increase the gene de-

livery efficiency and may offer possible targeting tools. 

 

5.1. Design and validation of new cell-penetrating 
peptides 

 

In the first paper, new cell-penetrating peptides were designed and 

tested using FQSAR prediction model constructed based on data gen-

erated from the earlier studies on  PepFect (PF-20-28)186. Among dif-

ferent CPPs, PF 21 showed the highest biological activity in the former 

model, so we used it as a control. Statistical analysis revealed that Pep-

Fect 220 and PF 221 were significantly more efficient in delivering 

plasmids within the cells than PF 21. PepFect 221 shows high 

transfection for plasmid transfection compared to PepFect 224 peptide 

shows similar efficiency as PepFect 21. These results indicate a strong 

correlation with our model, where PepFect 220 and 221 were predicted 

to produce the highest biological activity. 

Interestingly, the transfection efficiency is independent of the CPPs am-

phipathicity. The synthesized peptides have been investigated experi-

mentally for PF 220, 221 and 224 for charge ratio 3. Though, the pre-

dicted biological activity for peptides PF 122 and 123 showed approxi-

mately 3 log unit's deviation from the observed values. 
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5.2. CPPs/iron oxide (Fe3O4) [ magnetic nano-

particles (MNPs)] for oligonucleotide delivery                                                               

 

In paper II185, we used MNPs to be incorporated in the CPPs assembly 

with ONs to formulate more efficient gene delivery vector with mag-

netic targeting ability. TEM images are used to figure out the particle 

sizes of the formed complexes. TEM images of the pristine MNPs show 

particle size of 10 nm with average particle size 6.4 nm.  MNPs display 

superparamagnetic characteristics superparamagnetic iron oxide 

(SPIO)187. The particle size was confirmed using SEM images.  MNPs 

have positive surface charge (+2.4 mV) according to the zeta potential 

measurements. The low values of zeta potential (+2.4 mV) indicate that 

the colloidal of MNPs is unstable (stable colloidal solutions have a zeta 

potential of ±30 mV). The absence of coating agents or stabilizing 

agents renders the colloidal solution of MNPs unstable. The stability of 

the bare MNPs could be improved via the conjugation with CPPs and 

ONs. 

 

The chemical structure and the length of the CPPs affect the morphol-

ogy and the particle size of the formed nanocomplexes. PF 

220/SCO/MNPs and PF 221/pGL3/MNPs show big spherical nanopar-

ticles due to self-assembly of the small nanoparticles (100-150 nm) con-

sisting of the three components (CPPs, ONs, and MNPs) via noncova-

lent electrostatic and hydrophobic interactions. Various CPPs have dif-

ferent chemical and physical properties. Thus they interact differently 

with the same ONs (pGL3, SCO, and siRNA). These interactions influ-

ence the physicochemical features of the nanocomplexes and eventually 

its biological efficacy. The zeta potentials of the CPPs/pGL3, 

PF14/siRNA, and CPPs/SCO complexes with MNPs show that the 

MNPs are impeded inside the complexes.  
 

The efficacy of the developed complexes for ONs delivery was 

investigated. Plasmid transfection assay complexes of 

CPPs/pGL3/MNPs (PF221, PF222, PF223) show higher transfection 

efficiency compared to the corresponding CPPs/pGL3 without MNPs.  

The splice correction assay shows high cell transfection using 

CPPs/SCO/MNPs complexes compared to the corresponding 

complexes without MNPs. The amount of MNPs displayed significant 

influence on SCO delivery efficiency in a concentration-dependent 
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Figure 3: Confocal microscope images of complexes uptake in Hela cells a) 
PF14SCO/MNPs b) PF14/SCO. The image is adapted with permission from 
Ref.185. (Paper II). 

manner with pal shape activity pattern. Data shows that MNPs increase 

the cell transfection of PF14/SCO by 4-fold.  

In the small interfering RNA (siRNA) assay, knockdown of luciferase 

gene expression using siRNA with and without MNPs was also 

examined. The delivery of siRNA generates degradation of the lucifer-

ase mRNA that leads to a reduction in the luminescence signal. 

PF14/siRNA/MNPs presented significant down-regulation of the lucif-

erase expression compared to PF14/siRNA transfection. These results 

show that MNPs offer a considerable enhancement for the siRNA trans-

fection. The high efficiency of PF14/siRNA/MNPs may be due to the 

high tendency to develop stable suspension as demonstrated by the an-

ionic zeta potential. 
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The mechanism of cell uptake for PF14/SCO/MNPs was investigated 

using scavenger class A, and confocal microscopy (Figure 4). The cell 

transfection for ONs take place via several pathways including endocy-

tosis, and scavenger receptor class A (SCARA) mediated endocytosis. 

Among these mechanisms, energy-independent translocation, endocy-

tosis and scavenger receptor class A (SCARA) mediated endocytosis 

may be the reasonable explanations of the cellular uptake of these com-

plexes. SCARA is a pattern recognition receptor with affinity for ani-

onically charged particles. Also, it can bind and endocytose acetylated 

low-density lipoprotein188. SCARA inhibitors significantly reduced the 

splice correction activity. These measurements reinforce the high influ-

ence of scavenger receptor A in the cellular uptake of 

PF14/SCO/MNPs. 
 

The internalization of these complexes into the cell was confirmed us-

ing confocal microscopy images (Figure 4) that show the presence of 

the ONs inside the cell. ONs are frequently trapped in endosomes which 

is vesicular structures inside the cell was observed as punctate struc-

tures. The activity improves with the rise in the percentage of the nu-

cleic acids endosomal escape. This improvement can be realized using 

delivery vectors such as CPPs or CPPs/MNPs. The staining patterns of 

cells transfected with PF14-Alexa 568-705ASO complexes integrating 

MNPs revealed little variation compared to cells transfected with con-

trol complexes without MNPs. Therefore, the MNPs produced no 

change in the cellular uptake compared to the standard CPPs/ONs com-

plexes. Despite, the new vectors with MNPs have higher transfection 

efficacy, showing that a more significant fraction of ONs can escape 

vesicular confinement. A study using electron tomography of intracel-

lular trafficking of SPIO covalently conjugated with transactivating 

transcriptional activator (TAT) peptides originated from HIV-1 pro-

teins proved the internalization of this complex into the cell189.  
 

Our system using MNPs offered several advantages. The MNPs im-

proved the nucleic acid efficiency. PF14/SCO/MNPs shows 4-folds 

higher efficacy compared to PF14/SCO complexes. The new vectors 

efficacy may be enhanced additionally by activation using a magnetic 

field or thermal energy. CPPs/siRNA/MNPs encapsulated in liposomes 

displayed higher potency after activation using magnetic and ther-

mal190. Therefore, we suppose that the efficiency of these complexes 

can be additionally improved using activation via a magnetic field, ther-

mal, or infrared laser. The physio-chemical features of MNPs enhanced 
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the water-solubility and stability of the newly formed vectors. The small 

size of MNPs allowed efficient adsorption potential for CPPs/ONs com-

plexes. 
 

5.3. Graphene oxide (GO) nanosheets as a platform 
for hybrid CPP vector for oligonucleotide delivery 

 

To proceed with the integration of nanoparticles to direct the self-as-

sembly of our peptide-based delivery vectors, I used GO in paper III. 

GO was selected based on its unique physio-chemical properties. TEM 

image of the dispersed GO sheets shows a particle size of 100 nm. The 

zeta potential of GO is − 25 mV. The negative zeta potential of GO 

nanosheets is due to the presence of oxygenic functional groups includ-

ing carboxyl, epoxy, hydroxyl, and carbonyl groups. The value of zeta 

potential shows that the GO produces a stable dispersion. The negative 

charge of GO sheets improves the modification with the positively 

charged such as cell penetrating peptides via electrostatic interactions. 

The surface of the GO nanosheets allows efficient and spontaneous pro-

tein adsorption140. It was published that the epoxide moieties on the GO 

sheets enable covalent bonds formation with lysine units (K) of the pro-

tein140.  
 

Based on the amino acid sequences of PF14, and PF221 they can be 

directly adsorbed and form covalent bonds with the epoxide functional 

groups of the GO sheets. FTIR spectra were recorded to approve the 

chemical bonding between the GO and CPPs (PF14 and PF221). A band 

at 1070 cm−1is assigned to hydroxyl (namely phenol, C–OH) which 

confirm that there are covalent interactions between GO and PF14 or 

PF221140.The complexation of GO, CPPs (PF221 or PF14) with oligo-

nucleotides (pGL3, SCO or siRNA) is further approved from the zeta 

potential.  
 

GO/pGL3/PF221, GO/siRNA/PF221, GO/pGL3/PF14, and 

GO/siRNA/PF14 show negative zeta potential values. On the other 

hand, GO/SCO/PF14 and GO/SCO/PF14 complexes are cationic. GO 

improve the CPPs/ONs binding as well as the hydrophilicity and dis-

persibility. The morphology of GO/ONs/CPPs (CPPs, PF221 or PF14; 

ONs, pGL3, SCO, or siRNA) complexes were investigated using TEM 
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images. The complexes of GO/ONs/CPPs preserve the lamellar struc-

ture of the pristine GO. TEM of the complexes display a dark contrast 

of GO nanosheets, indicating that the complexes of CPPs/ONs localized 

on the surface of the GO. GO/PF14 shows the formation of core-shell 

for siRNA and pGL3. It was published that single-stranded DNA (ss-

DNA) macromolecules could be efficiently immobilized on the surface 

of graphene layers by π-π interactions connecting the hexagonal basal 

plane of GO and the aromatic bases of ss-DNA191. The assembly of GO 

with ONs (pGL3, SCO, or siRNA) and CPPs (PF221 or PF14) main-

tained the particle size of GO nanoparticles. The newly formed vectors 

have smaller particle sizes compared to the corresponding complexes 

without GO (i.e. CPPs/ONs)36. The aggregation tendency of CPPs/ONs 

results in the generation of microparticles (> 500 nm). The large parti-

cles of CPPs/ONs decrease the cellular uptake and may induce cytotox-

icity. On the other hand, the integration of GO with extensive surface 

areas regulate the complexation and may limit the aggregation. In the 

same context, it was published that GO can be used as a modulator 

against protein misfolding and aggregations192. SEM analysis reveals 

no change in the GO morphology. GO/siRNA/PF221 complexes pre-

sent the synthesis of well-defined self-assembled spherical particles. 

Energy dispersive X-ray (EDX) spectroscopy proves the presence of 

the ONs in the newly designed vectors. 
 

GO/pGL3/CPPs (PF14 or PF221) were used to transfect HeLa cell us-

ing pGL3 Luciferase expressing plasmid. GO/PF14/pGL3 significantly 

improved the plasmid transfection compared to pGL3/PF14. Also, 

PF221 based GO vector for plasmid delivery GO/pGL3/PF221 shows 

an increase in transfection compared to pGL3/PF221. Cellular transfec-

tion of SCO using PF14 gives higher efficacy compared to the lipid-

based vector Lipofectamine™ 2000 (LF2000) and persists active in se-

rum36. GO/SCO/PF14 transfection demonstrates a superior 

improvement in splice correction activity compared to PF14/SCO. 

Furthermore, the cellular transfection of GO/SCO/PF221 enhanced the 

splice correction activity significantly. The extracellular nuclease-me-

diated degradation of siRNA limits the cellular transfection of siRNA. 

Therefore, new vectors of GO modified cell penetrating peptides of 

PF221 and PF14 were designed. GO/siRNA/PF14, and PF14/siRNA 

show down-regulation of the investigated cells. GO gives no dramatic 

increases in the cellular transfection. 
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To investigate the cellular uptake of GO/SCO/PF14; scavenger receptor 

A (SCARA) role in the uptake process was studied. SCARA mediated 

endocytosis is a possible cellular uptake pathway for anionic species. 

HeLa cells were treated with SCARA inhibitors compared to their ho-

mologous controls before the transfection of GO/SCO/PF14 com-

plexes. SCO activity produced by GO/SCO/PF14 transfection is 

significantly reduced by using the investigated SCARA inhibitors. On 

the other hand, there is no decrease in SCO efficacy for the controls 

treatments. These measurements show that the cellular uptake of 

GO/SCO/PF14 demands scavenger receptor A193. Confocal microscopy 

reveals the cellular delivery of PF14/SCO and GO/SCO/PF14. Nano-

complexes of PF14/SCO with and without GO undergo cellular locali-

zation. This investigation reveals that GO/SCO/PF14 proposes direct 

passage via endocytosis through the membrane system and escaping 

from the endosome194. One of the significant trends for the future is to 

investigate why GO/CPPs have higher efficacy compared to CPPs. 
 

5.4. Autophagy pathway is involved in the cellular 
trafficking of peptide-based transfection 

 

In paper IV195, I investigated the cellular trafficking for PF14 transfec-

tion system as a model of peptide-based delivery using a transcriptom-

ics approach. Aiming at revealing pathways involved in regulating cel-

lular phenomena in the model CPP transfection system uptake process. 

Autophagy is a sort of an innate immunity pathway that is essential for 

degradation of misfolded proteins, dysfunctional cellular organelles, 

and pathogens. Autophagy is stimulated in nanoparticles transfection 

typically by pattern recognition receptors196.  

In paper IV, I reported that the model CPP transfection system induced 

autophagy induction (Figure 5).  
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Figure 4: Autophagy signalling pathway induced by CPP transfection. The image is 
adapted with permission from Ref.195. (Paper IV). 
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I found that TLR4 is involved in the autophagy induced by PF14 and it 

is transfection system as I measured a significant increase in splice cor-

rection activity in the cells after inhibiting TLR4. This improvement in 

splice correction is in agreement with the approved role of TLRs in the 

non-canonical recruitment of Atg proteins to a single-membrane con-

nected phagosome and phagophore formation step197, which can con-

fine the splice correction oligo that succeeded in the endosomal escape 

process. It has been reported that nanoparticles are trapped into autoph-

agosomes, effectively separated from the cytoplasm, diminishing the 

relative toxicity and supporting in reducing cellular tension198. 

Induction of autophagy pathway has been first shown for the uptake of 

cationic polyplexes, silica, lipoplexes, dendrimers, gold nanoparticles 

and iron oxide199–203. In paper IV I show that positive charged CPP and 

PF14 complexed with oligonucleotide are inducing autophagy during 

their transfection process. Besides, autophagy can be advantageous for 

minimizing particles cytotoxicity; it can be restricting to cargo delivery, 

as in our CPP model of transfection, where the isolation of PF14 and its 

transfection system in autophagosomes and their degradation in autoly-

sosomes decrease the splicing correction efficacy. If nucleic acid trans-

fection system is mostly transported to autophagic organelles, only a 

limited amount of the cargo is transferred to the target cellular compart-

ment; this is critically restricting efficiency and initiating to demand 

higher doses for treatment which can influence toxicity and cellular ten-

sion. In agreement with Roberts et al. showed that polyplex made of 

plasmid DNA and a polymer (JetPRIME, component unknown) was 

endocytosed and isolated in cellular tubulovesicular autophagosomes. 

They revealed that polyplex-mediated gene delivery was inducing au-

tophagosomes generation, suggesting that autophagy can be a barrier to 

the gene delivery204. 
 

Chaperone-mediated autophagy is a distinct class of autophagy which 

regulates chaperone proteins and lysosomal receptors to transport 

marked proteins within the lysosomes, where degradation process oc-

curs205. Marked proteins display a pentapeptide motif (KFERQ) and are 

therefore selectively recognized by the cytosolic chaperone Hsc70; that 

assists marked protein transportation to the lysosomes206. Moreover, 

HSP70 inhibitors are suppressing autophagy207, so I used pifithrin-μ an 

HSP70 inhibitor which significantly enhanced the splice correction ac-

tivity. Additional docking investigation revealed a possible binding be-

tween the PF14 peptide and the Hsc70. In wild-type macrophages, focal 

adhesion kinase (FAK) is at the surface of the Salmonella-containing 
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vacuole, starting the Akt-mTOR axis signalling and blocking of the au-

tophagy induction. In FAK-deficient macrophages, Akt/mTOR 

signalling is suppressed, and autophagic isolation of intracellular bac-

teria is increased, leading to a significant increase of bacteria degrada-

tion208. In our results, FAK inhibition reduced the splice correction ac-

tivity that is fitting with distinct autophagic degradation of the SCO 

comparable to the data of salmonella degradation in FAK-deficient 

macrophages. 
 

Concerning mTOR pathway, to avoid autophagic degradation of our 

model of peptide transfection system, I activated mTOR pathway that 

significantly improved splice correction efficacy of our model vector, 

in agreement with the central role of mTOR in autophagy inhibition. 

Reports of the mTOR pathway association with several nanoparticles 

treatments have been shown to downregulate the mTOR pathway209. 

The β2-adrenergic receptor is a crucial regulator of autophagy210, and I 

revealed that β2 antagonist makes a significant increase in the splice 

correction activity. Furthermore, autophagy initiation by atorvastatin211 

reduced our model vector-mediated splice correction activity. 

Prostaglandin E2 (PGE2) stimulates autophagy212, and it showed an 

efficient reduction of splice correction. 
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6. Conclusions 

The optimization of gene therapy for clinical purposes, including nu-

cleic acid delivery to manage genetic disorders, has been limited by 

barriers to delivery. The shortage of data regarding the gene expression 

profiles describing the intracellular signalling pathways that are con-

trolling the transfection process restricts the ability to design optimal 

delivery vectors. This thesis is a step to determine the molecular basis 

for efficient nucleic acid delivery and to apply that data to design 

effective nucleic acid delivery vectors. Developing efficient nucleic 

acid delivery vector needed to evaluate the impacts of the delivery sys-

tems individual elements including the peptide sequences on the deliv-

ery efficacy. The thesis showed strategies to integrate magnetic nano-

particles and graphene oxide nanosheets as new co-carrier for ON de-

livery. They showed enhancement of the self-assembly of the nucleic 

acid and offered superior improvement in their biological effects. 

Furthermore, to determine the cellular uptake pathways of the nucleic 

acid delivery vectors, I investigated gene expression profiles of trans-

fected cells. I reveal and confirm the role of autophagy pathway in reg-

ulating the transfection process. Therefore, with a refined description of 

gene expression profiles of several transfection systems, further opti-

mized non-viral delivery vectors based on the analysis of the signalling 

pathways can be designed to facilitate therapeutic applicability. 

 

I described a complete cycle for the development of novel cell-pene-

trating based delivery vectors. The thesis included logical prediction 

based on fragmentation of former peptides and design of a set of novel 

peptides to their synthesis and biological uptake. The FQSAR models 

were efficient in predicting peptides with the more significant biologi-

cal activity than the published PF 21.  
 

I demonstrated the development of new nanoplatforms for ON delivery. 

Hybrid ONs transfection vectors using magnetic nanoparticles and 

CPPs have been developed for cellular delivery of plasmid (pGL3), 

SCO and siRNA. Magnetic nanoparticles enhanced the biological effi-

cacy compared to traditional CPPs/pGL3, CPPs/SCO, and CPPs/siRNA 
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complexes. PF14/SCO/MNPs displayed an improved biological activ-

ity (up to 4 times) compared to the PF 14/SCO complexes. This thesis 

showed several strategies for ONs transfection using magnetic nanopar-

ticles and GO. The conjugation of GO and CPPs significantly enhances 

the cellular ONs transfection of pGL3 and SCO. The influence of the 

negative zeta potential and large surface area of GO improves the com-

plexation of CPPs/ONs, inhibited aggregation and therefore gave a 

smaller size of these assemblies. GO/ONs/CPPs (PF 221 or PF 14) gave 

2.1–2.5 and > 10–25 fold increase of the biological efficiency for pGL3 

and SCO, respectively. The transfection efficacy depends on the con-

centration of GO. GO mediated CPPs/ONs vectors can be beneficial for 

the development of clinically safe and economically manageable ONs 

delivery. It could be used for in vivo investigations to deliver ONs to 

targeted tissues and promote their activity via focusing near infrared on 

the target tissues. 

 

I demonstrated the autophagy induction and cellular effects triggered 

by CPP transfection vector in basal cell signalling. The autophagy in-

duced by the transfection is a primary cellular defence pathway against 

the transfection vector, so it reduced the transfection efficiency by de-

grading the transfection vectors. This data about the molecular basis of 

the transfection process is valuable for the design of efficient nucleic 

acid delivery vector. PF 14 as a model transfection system is demon-

strating the necessary capacity to deliver nucleic acid joined with non-

toxic autophagy initiation, as a combinatory therapy strategy. 
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