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ABSTRAKT  

Univerzita Karlova, Farmaceutická fakulta v Hradci Králové, Katedra biochemických 
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University of Vienna, Faculty center for Pharmacy, Department of Pharmaceutical 

Chemistry, Laboratory of MacroMolecular Cancer Therapeutics 

Kandidát: Dajana Mihaličoková 
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Názov diplomovej práce: Hodnotenie transfekcie nukleových kyselin v in vitro 

podmienkach 

Kľúčové slová: transfekcia, úprava zostrihu, BCA test, polyplexy 

Jednou z najdôležitejších úloh súčasného biomedicínskeho výskumu je nájsť správnu 

cestu ako vyliečiť rakovinu, genetické choroby a iné choroby, ktoré sú stále 

nevyliečiteľné. Voči tomu, génová terapia je vynikajúca ako potencionálna liečba 

pomocou ktorej je možné dopraviť genetický materiál do bunky. Reportérové gény 

založené na transfekčnom procese môžu byť použité na štúdium génovej expresie. 

Transfekcia je sprostredkovaná pomocou vektorov, buď to virovými alebo nevirovými. 

Nevirové vektory ponúkajú mnoho výhod oproti virovým proťajškom v jednoduchšej 

príprave, sú pomerne lacné a najdôležitejšia je ich neimunogénnosť.  

Kationické polyméry založené na polyethylenimine tvoria komplexy s plazmidovou 

DNA nazývané polyplexy. V tejto práci boli použité rôzne typy polyplexov na báze 

polyethyleniminu, na študovanie génovej expresie a úpravu zostrihu ako miery 

intracelulárneho dodávania plazmidovej DNA a antisense oligonukleotidov. Tieto 

transfekčné skúšky potrebujú proteínovú normalizáciu reportérového génu, ktorá môže 

byť hotová ako skúška na bikinchonínovú kyselinu (BCA). BCA je skúška ktorá patrí 

medzi redoxné reakcie a dáva nám odhad na celkové množstvo proteínu v bunke. 

Prvým cieľom tejto práce bolo upraviť súčasne používaný protokol pre túto skúšku. Oba 

protokoly môžu byť vykonávané ale v upravenej verzii môžeme bezprostredne 
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preskočiť jeden dodatočný krok pri príprave BCA štandardnej krivky. Hlavným 

dôvodom bolo vyhnúť sa ďalšiemu kroku pri príprave viacerých doštičiek.  

Upravený protokol bol následne testovaný a použitý pri transfekčných experimentoch. 

Ďalšou úlohou pred transfekciou B16 bunkovej línie s lineárnym polyethyleniminom 

a rôznymi typmi plazmidov bolo potvrdiť zdravý stav buniek používajúc invertný 

laboratórny mikroskop. Fotky boli odfotené pred každou pasážou buniek so zväčšením 

10x, 20x a 40x. Morfológia buniek bola vyhovujúca čo sa týka tvaru aj farby. Ďalším 

cieľom bolo určiť expresiu Thy-1.2 v rakovinotvorných bunkách po transfekcii 

pomocou luciferázového reportérového testu s dvomi odlišnými promotórmi. 

V poslednej časti tejto práce, polyplexy založené na troch odlišných 

polyethyleniminoch ako sú lineárný polyethylenimin (LPEI), rozvetvený 

polyethylenimin (BPEI) a disulfidicky kroslinkovanom lineárnom polyethylenimine (c-

LPEI) spolu s antisense oligonukleotidmi boli testované na úpravu zostrihu in vitro. 

Cieľom v tejto časti mojej diplomovej práce bolo porovnať polyethyleniminy a získať 

úpravu zostrihu pomocou polyplexov založených na trasfekcii meraním luciferázovej 

expresie. Polyplexy založené na BPEI a c-LPEI boli najviac účinné pri úprave zostrihu 

s oligonukleotidmi. HeLa pLuc 705 bunková línia bola použitá pre transfekciu a jej 

aktivita bola definovaná pomocou testu luciferázy zo svätojánskej mušky. 

V závere, polyplexy založené na polyethylenimine boli účinné nosiče pre dopravenie 

plazmidovej DNA a antisense oligonukleotidov v testovaných rakovinových bunkách. 

Okrem in vivo experimentov taktiež in vitro skúšky nám môžu úspešne ukázať vloženie 

nukleovej kyseliny do rakovinových buniek meraním aktivity pomocou luciferázového 

reportérového génu. 
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One of the most important tasks of biochemical research is to find out the right way 

how to cure cancer, genetic disorders and other illnesses which are still not curable. 

Towards this, gene therapy is emerging as a potential treatment owing to its ability to 

deliver genetic material inside the cell. Reporer gene based transfection process can be 

used to study gene expression. Transfection is mediated by vectors, either of viral or 

non-viral origin. Non-viral vectors offer several advantages over the viral counterparts 

like easier to synthesize, relatively cheap and the most important is their non-

immunogenicity.  

Cationic polymers based on polyethylenimine form complexes with plasmid DNA 

reffered to as polyplexes. In the present work, different types of polyethylenimine based 

polyplexes were employed to study gene expression and splice correction, as a measure 

of intracellular delivery of plasmid DNA and antisense oligos respectively. These 

transfection assays need protein normalization of the reporter gene data, which can be 

done by assays like  bicinchoninic acid assay (BCA). BCA is an assay which belongs to 

the redox-based reactions and gives an estimate of total protein in a cell. The first goal 

of this thesis was to modify the currently used protocol for this assay. Both protocols 

can be performed but in the modified version we can directly skip one additional step 

during preparation of BSA standard curve. The main reason was to avoid additional step 

in the multi-well plate format. 
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The optimized protocol was then tested and used in transfection experiments. A further 

objective before transfection of B16 cell line with linear polyethylenimine and different 

types of plasmids was to confirm the healthy status of cells using Inverted Laboratory 

Microscope. Photos were taken before every passaging with 10x, 20x and 40x 

magnification. The morphology of the cells was proper in shape and colour as well. 

Further, the goal was to determine  the expression of Thy-1.2 in cancer cells after 

transfection with Firefly luciferase based reporter genes under two different promoters. 

In the last part of this thesis, polyplexes based on three different polyethylenimines such 

as linear polyethylenimine (LPEI), branched polyethylenimine (BPEI) and disulfide 

crosslinked polyethyleimine (c-LPEI) together with antisense oligonucleotides were 

investigated for splice correction in vitro. The aim of this part in my diploma thesis was 

to compare polyethylenimines and achieve splice correction by polyplex based 

transfections by measuring luciferase expression. BPEI and c-LPEI based polyplexes 

were the most efficient to correct splice switching with oligonucleotides. HeLa pLuc 

705 cell line was used for the transfection and the activity was determined by Firefly 

luciferase assay.  

In conclusion, polyethylenimine based polyplexes were efficient carriers for plasmid 

DNA and antisense oligonucleotide delivery in the tested cancer cells. Apart from in 

vivo experiments also in vitro assays can show us if insertion of nucleic acids into 

cancer cells were successful by measuring activity of Luciferase reporter gene assay. 



8 
 

Table of contents 

1 Introduction ................................................................................................................ 10 

1.1 Gene therapy ................................................................................................................ 10 

1.2 Polyethylenimine as transfection agent ........................................................................ 14 

1.3 Splice switching oligonucleotides ................................................................................ 17 

1.4 Transgene expression ................................................................................................... 18 

1.5 Bioluminescence .......................................................................................................... 19 

2 Goals of this work ...................................................................................................... 22 

3 Materials and methods ............................................................................................... 24 

3.1 Equipment .................................................................................................................... 24 

3.2 Preparation of complete media ..................................................................................... 28 

3.2.1 Dulbecco´s Modified Eagle´s Medium – high glucose ....................................... 28 

3.2.2 RPMI-1640 Medium ........................................................................................... 28 

3.3 Cell culture techniques ................................................................................................. 29 

3.3.1 Cell line used for Thy-1.2 transfection ................................................................ 29 

3.3.2 Cell line used for splice correction ...................................................................... 29 

3.3.3 Cell culture procedure ......................................................................................... 29 

3.3.4 Cell seeding ......................................................................................................... 30 

3.4 Nanoparticles for DNA and SSO delivery ................................................................... 31 

3.4.1 Formation of polyplexes ..................................................................................... 31 

3.5 In vitro assays with nanoparticles for DNA delivery ................................................... 32 

3.5.1 Optimal seeding density for transfections ........................................................... 32 

3.5.2 Polyplexes mediated pDNA delivery .................................................................. 32 

3.5.3 Polyplexes mediated SSO delivery ..................................................................... 34 

3.6 Gene expression ........................................................................................................... 35 

3.6.1 Firefly luciferase assay ........................................................................................ 35 

3.6.2 Bicinchoninic acid assay ..................................................................................... 37 

4 Results ........................................................................................................................ 38 

4.1 Optimization of BCA assay ......................................................................................... 38 

4.1.1 BCA assay with non-modified protocol .............................................................. 38 

4.1.2 BCA assay with modified protocol ..................................................................... 39 

4.1.3 Differences in both protocols .............................................................................. 39 

4.1.4 BSA standard curves ........................................................................................... 40 



9 
 

4.2 Observation of morphology and transfection of B16 cell line ..................................... 41 

4.2.1 Morphology of B16 cell line ............................................................................... 41 

4.2.2 Luciferase expression of Thy-1.2 gene after transfection ................................... 42 

4.3 Luciferase expression in HeLa pLuc 705 cell line ....................................................... 46 

4.3.1 Basal luciferase expression ................................................................................. 46 

4.3.2 Splice correction by polyplex based transfection ................................................ 47 

4.3.2.1 LPEI/oligonucleotides ..................................................................................... 49 

4.3.2.2 BPEI/oligonucleotides ..................................................................................... 50 

4.3.2.3 c-LPEI/oligonucleotides .................................................................................. 52 

4.3.2.4 BPEI, c-LPEI/HBG, HBS ............................................................................... 54 

5 Discussion .................................................................................................................. 58 

6 Conclusion ................................................................................................................. 65 

7 Abbreviations ............................................................................................................. 66 

8 List of tables ............................................................................................................... 68 

9 List of figures ............................................................................................................. 69 

10 References .................................................................................................................. 71 



10 
 

 

1 Introduction 

1.1 Gene therapy 

Gene therapy belongs to the one of the most attractive fields in tumor therapy over the 

past decades. It can correct a genetic disorder by replacement of this defective or 

missing gene with a functional and healthy version of that gene (Das et al. 2015). 

Cancer gene therapy can profit mainly from aspects by improving immune system 

through identifying the susceptibility genes and at the molecular level where the gene 

therapy can affect specific genes that cause cancer (Zhao and Huang, 2014). 

Gene therapy enables to use nucleic acids (DNA or RNA) for the prevention, treatment 

or cure of human disorders. This can be obtained either by delivery of therapeutic, 

functional gene as a substitute for the missing or defective endogenous counterpart or 

by reducing the levels of a harmful defective gene product. Various sophisticated tools 

include viral, non-viral vectors or naked oligonucleotides, depending on the type of 

disease (Kaufmann et al. 2013).  

Viral vectors are associated with a number of safety concerns: risks of potential 

immunogenicity, unwanted mutagenesis, and cancer as well. Hence, tremendous effort 

has gone into developing non-viral vectors based on lipidic and (or) polymeric carriers 

(Nguyen and Szoka, 2012). Non-viral gene delivery systems as polyplexes suffer from 

drawbacks such as toxicity and non-specific interactions with the cells. Another limiting 

factor is to formulate them prior to administration because of the tendency towards 

particle aggregation in liquid formulation (Kasper et al. 2011). These vectors are able to 

protect the nucleic acid from degradation and deliver it into define cellular 

compartments by encapsulating, complexing, or binding the nucleic acid into particles 

(Nguyen and Szoka, 2012). 

Accomplishment of successful gene expression depends mainly on the development of 

a vector or vehicle which is a challenging task. It requires efficient and effective 

delivery of genetic material to target cells and achieve sufficient levels of that 

expression in vivo with minimal toxicity. Virus-derived vectors are efficient in gene 

delivery, but safety issues limit the use of those vectors in gene therapy. To date, the 

predominat designs of non-viral vectors have been focused on overcoming the 
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extracellular and intracellular barriers in the delivery of genetic material to targeted cells 

(Zhao and Huang, 2014).  

Nucleic acid delivery 

Nucleic acid delivery is a multistep process, as seen in Figure 1 (Tan et al. 2016), and 

insufficient efficiency or inefficiency at any stage may result in a dramatic decrease in 

gene delivery or gene silencing. Despite this, the majority of studies investigating 

synthetic vectors focus entirely on optimization of endosomal escape. A small number 

of studies address how to improve uptake by targeted delivery. A smaller section 

examine the intracellular fate of the delivery systems and nucleic acid cargo. Strategies 

to increase and accelerate the migration of DNA through the cytoplasm and transport it 

through the nuclear membrane are required in the case of DNA delivery (Nguyen and 

Szoka, 2012). 

 

Figure 1. Stages of nucleic acid delivery into a cell. 

Nucleic acids are normally condensed and complexed with a cationic constituent. This 

complex has to be recognized by a cell, be internalized and escape the endosomal-

lysosomal degradation pathway. Once in the cell cytoplasm, the nucleic acid can 

separate from its vehicle and traffic to its expected target based on its type. 

Figure from Tan et al. 2016. 
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Nucleic acids, such as small interfering RNAs and antisense oligonucleotides, are 

important research tools for gene function analysis and are widely considered to be 

potential therapeutics. The advantage of nucleic acid based methods is their selectivity 

for genetic regulation toward a complementary target conferred by Watson-Crick base 

pairing (Patel et al. 2008). Antisense oligonucleotide (ASO) therapy is an emerging 

therapeutic field for the treatment of human diseases, including cancer. An ASO 

reduces its expression because its targets a specific mRNA sequence (Xie et al. 2013).  

Most protein-coding genes are incorporated of coding sequences that are interspersed 

with non-coding sequences. In a process called pre-mRNA splicing, these intervening, 

non-coding RNA sequences, called introns, are removed. Coding RNA sequences, 

called exons, are ligated together. That splicing gives rise to the final mRNA that is 

translated into a protein (Havens and Hastings, 2016).  

Over 90% of multi-exon pre-mRNA transcripts undergo alternative splicing and up to 

one-half of disease-causing mutations affect splicing, such as cystic fibrosis, β-

thalassemia, spinal muscular atrophy or Duchenne muscular dystrophy. Thus, 

alternative splicing constitutes an important therapeutic target in addition to its 

significant contribution to proteome diversity (Bauman et al. 2010). 

Importantly, splice switching oligonucleotides are inducing alternative splicing of pre-

mRNA in the nucleus which brings alteration to the final protein. Pre-mRNA splicing is 

mediated by the spliceosome. The spliceosome is a dynamic complex of proteins and 

RNAs, which is assembled de novo at every splicing event (Bauman et al. 2009).  

There are a lot of different classes of nucleic acids inside cells that might be targets for 

therapeutic oligonucleotides (Table 1) (Shen and Corey, 2018). These targets have 

different functions, structures and present different challenges during drug discovery 

and development. Synthetic oligonucleotides can be designed to function by several 

different mechanisms, to reach potent recognition of diverse targets (Shen and Corey, 

2018). 



13 
 

 

Table 1. Types of target for therapeutic oligonucleotides. 

Types Location of target Subcellular 

Location 

Mechanism 

mRNA Intracellular cytoplasm inhibition of 

translation 

Pre-mRNA Intracellular nucleus alternative splicing 

Micro-RNA Intracellular cytoplasm and 

nucleus 

miRNA inhibition 

or activation 

Long non-coding 

RNA 

Intracellular cytoplasm and 

nucleus 

inhibition of 

IncRNA function 

Telomerase RNA 

component 

Intracellular cytoplasm and 

nucleus 

inhibition of 

telomerase 

Protein Extra- and 

intracellular 

cytoplasm and 

nucleus 

inhibition of 

protein target 

Table adapted from Shen and Corey, 2018. 

The underlying obstacle is the tremendous difficulty for oligonucleotides, which are 

hydrophilic and often charged macromolecules, to cross cellular membranes and then 

traffic to their sites of action in the cytosol or nucleus. One strategy how to overcome 

this barrier is to complex oligonucleotides with polymers, lipids, or cell-penetrating 

peptides. Then the resultant nanoparticles allow intracellular delivery of the 

oligonucleotides to their intracellular sites of action. Preferably, targeting ligands are 

incorporated into these particles with nano size to improve delivery to target cells in 

disease and minimize unwanted side effects to irrelevant cells (Ming and Feng, 2012). 
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1.2 Polyethylenimine as transfection agent 

Traditional synthetic vectors have been widely used for intracellular nucleic acid 

delivery including cationic lipids, polymers, and dendrimers (Ding et al. 2014). 

Cationic polymers have shown promise as a safe, biodegradable, predictable, and 

nontoxic alternative to viral gene therapy. They rely on endocytosis of synthetic 

polymer-based carriers bio-conjugated to the targeted gene or other biological 

molecules. Polyplexes (cationic polymer based gene carriers) show low toxicity, 

structural diversity, good biodegradability and higher transfection efficiency than 

liposomes (Jin at al. 2014). 

Among various non-viral vectors, polyethylenimine (PEI) has been widely examined for 

oligonucleotide, DNA and siRNA delivery (Gao and Huang, 2009). Thanks to the 

relatively high transfection efficacy of its polyplexes (complex of nucleic acid and 

polymer), polyethylenimine has been considered the gold standard for polymeric gene 

delivery, since its introduction in 1995 (Breunig et al. 2007). Nanoparticles having a 

positively charged surface generally display better internalization and association rates, 

due to the negatively charged cell surface (Ulasov et al. 2011). 

Positively charged amine groups from polyethylenimine can electrostatically interact 

with negatively charged phosphate groups from nucleic acid. It can protect the nucleic 

acids from degradation during the delivery path of the nucleic acids by condensation 

nucleic acids to form nanoparticles (Lü et al. 2016). This interaction facilitate cellular 

uptake of the polyplex into cell via endocytosis resulting in their delivery to intracellular 

endosomal compartments. If the delivery is successful, vehicles are then able to escape 

endosomes, supposedly in part due to endosomal buffering by cationic polymers. A 

fraction of pDNA molecules in the cytoplasm then enter the nucleus, where they are 

transcribed leading to translation in the cytoplasm, and ultimately expression of the 

transgene (Figure 2) (Vu et al. 2012).  

Polyethylenimine also has a unique buffering capacity called proton sponge effect 

because of its many nitrogen atoms. It is described that unprotonated amines of PEI can 

absorb protons as they are pumped into the lysosome which has low pH values. It 

results in pumped more protons and it leads to an increase influx of Cl- ions and water.  
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It facilitates the release of the gene into the cytoplasm through osmotic swelling and 

swelling of the PEI because of repulsion between protonated amine groups causes the 

burst of endosome and release of its contents into the cytoplasm (Jin at al. 2014, 

Benjaminsen et al. 2013). 

 

Figure 2. The schematic presentation of gene delivery process of polymers. 

Figure from Jin et al. 2014. 

It is often believed that endosomal escape is the most critical step in gene delivery. 

Vectors are created to mediate endosomal release at the earliest time, possible to avoid 

enzymatic degradation in the late endosomes or lysosomes. A closer look indicates that 

particles or DNA released at the perinuclear region have the best opportunity of entering 

the nucleus (Nguyen and Szoka, 2012). 

Low-molecular-weight PEIs have lower overall transfection efficiencies because they 

have fewer amine groups per molecule. High-molecular-weight PEIs may have less 

effective release and high cytotoxicity to cells but they can condense DNA more 

efficiently (Lü et al. 2016). The most popular PEIs as transfection agents are branched 

PEI (BPEI, 25 kDa) and linear PEI (LPEI, 22–25 kDa) having mid-range-molecular-

weight. Linear polyethylenimine contains only secondary and limited primary amino 

groups whereas branched polyethylenimine may have all types of primary, secondary 

and tertiary amino groups. Thus, BPEI has a stronger electrostatic interaction with DNA 
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than LPEI, which means greater compaction, higher zeta potentials and smaller 

nanoparticle sizes at equivalent DNA concentrations (Lü et al. 2016). 

At the present, efforts try to improve the transfection efficiency of gene vectors and 

decrease cytotoxicity by cross-linking LMW units via linkages that are potentially 

degradable. This degradable LMW-based PEI cross-linked with reversible disulfide 

bonds exhibited higher transfection efficiency and also less toxicity in cell cultures than 

the standard 25 kDa PEI. The cross-linkages of polymers, or disulfide bridges in the 

polymer backbones have been shown to be stable in blood circulation, but on the other 

hand degradation occurs rapidly in the presence of reductive glutathione. These 

reductive conditions imitate the reductive intracellular environment in the cytosol 

(Zhang et al. 2013). 

The N/P ratio, molar ratio of nitrogens from the polyethylenimine and phospates from 

nucleic acid, is associated with the transfection efficiency of PEI/pDNA polyplexes. If 

N/P ratio is higher than 3 it contains an excess of free PEI. It is supposed to help to the 

endosomal escape, which explains the usually enhanced transfection efficiency at higher 

N/P ratios. The molecular weight (MW) of PEI also plays a significant role in the 

transfection efficiency of PEI/pDNA complexes (Jin et al. 2014). 
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1.3 Splice switching oligonucleotides 

Current work deals with negatively charged oligonucleotides (ONs) which are therefore 

co-administered in complex with cationic compounds as cationic polymers. 

The main objective of my diploma thesis was to demonstrate that SSO (splice switching 

ligonucleotide) can switch on the expression of a transgene in HeLa cells which were 

previously transfected with the pLuc/705 plasmid where the luciferase sequence, used 

as a reporter gene, was interrupted by the thalassemic aberrant β-globin intron. SSO705 

is targeted to an aberrant splice site that is created in β-thalassemic patients by a T to G 

mutation at nucleotide 705 of intron 2 of the human β-globin gene (Resina et al. 2007).  

 

Figure 3. Splice switching reporter system. 

This system is based on a plasmid carrying a luciferase-coding sequence together with 

insertion of intron 2 from β-globin pre-mRNA containing an aberrant splice-site that 

activates a cryptic splice-site. Non-functional luciferase is expressed, unless the aber-

rant splice-site is masked by an SSO. Figure modified from Guterstam et al. 2008. 
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1.4 Transgene expression 

Gene expression is a highly complex process composed of multiple levels where the 

initiation of transcription is a central event in the regulation of eukaryotic gene 

expression (Danino et al. 2015).  

Transgene expression is a very important prerequisite for successful gene therapy. Its an 

ideal expression should be high and prolonged as well. This brief is dealing with Thy-l 

antigen. It was originally defined in mice and belongs to the one basic experimental 

approaches. Thy-l is a GPI-linked (glycosylphosphatidylinositol-linked) cell surface 

glycoprotein expressed in a variety of tissues and cell types. This Thy-1 antigen, as a 

cell surface alloantigen of brain and  thymus, is defined in two allelic forms as Thy-1.1. 

and Thy-1.2. Thy-1.2 is a 25-35 kD GPI-linked membrane glycoprotein whereas Thy-

1.1 only 28-30kD. Thy-1 shows potential as a candidate marker for cancer stem cells in 

various malignancies because of its significant roles in oncogenesis. It also 

plays important roles in cellular adhesion, migration and nerve regeneration. Its cell-cell 

and cell-matrix interactions are also important in its regulation (Caroni 1997, Tate et al. 

1990, Zhu 2014). As described in Caroni (1997) a transient expression pattern is 

detected during early postnatal life with the exception of the cerebellum. Thy-1.2 driven 

transgene expression in neurons is established during the second postnatal week and 

appears to be constitutive in the adult. Thus, the purpose in my work was to find out the 

expression of that gene in cancer cells after transfection. 
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1.5 Bioluminescence 

Standard optical approaches for live cell imaging have typically relied on the use of 

various fluorescent proteins or synthetic molecules. These imaging techniques generally 

require an exogenous light source to excite the fluorescent molecules, where they enter 

a higher-energy state and subsequently emit light of a specific wavelength as they return 

to their ground state (Tung et al. 2016). Contrary to fluorescence, bioluminescence is 

a light producted from a chemical substrate and it is routinely found in nature. This 

form of optical imaging is noninvasive, sensitive, low cost and facilitates real-time 

analysis at the molecular level in living organisms. Bioluminescence is consequently 

produced without any excitation light source and persists as long as the substrate is 

present (Sadikot and Blackwell 2005, Tung et al. 2016). It is the product of a chemical 

reaction occurring in particular organisms that result in the production of visible light. 

Bioluminescence is produced by organisms in nature for several reasons, including 

hunting and locating food, interspecies communication, attracting prey, and self-defense 

(England et al. 2016).  

It naturally occurs in many living  organisms either of terrestrial or aquatic, including 

bacteria, fungi, insects, and marine animals (England et al. 2016). Some living 

organisms are capable of converting chemical energy into light (Badr and Tannous, 

2011). So far, the Gaussia princeps luciferase (Gluc), the Photinus pyralis (firefly) 

luciferase (Fluc), the Renilla reniformis luciferase (Rluc) have been widely used in 

biomedical research (Je et al. 2017). According to the Figure 4. Gaussia and Renilla 

luciferases show high intensity but on the other hand, rapid decay is present whereas 

Firefly luciferase has moderate sensitivity and its emission is stable. 
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Figure 4. Difference in kinetics among luciferases. 

Gaussia and Renilla luciferase show flash kinetics. Firefly luciferase shows glow 

kinetics. Figure from Biosettia. Renilla-Firefly Luciferase (RLuc)-T2A-(FLuc)-F2A-

GFP-Bsd Lentivirus (online). 

Luciferase is a name for enzymes which produce light in living organisms. Two key 

requirements are necessary for the production of bioluminescence, including the 

enzyme responsible for catalyzing the reaction and producing light (luciferase) and the 

substrate for this enzyme (luciferin) (England et al. 2016). 

Firefly luciferase converts D-luciferin to oxyluciferin by using ATP and Mg2+ as 

cofactors as briefly seen in Figure 5. This results in yellow to green light emission at 

562 nm. Nevertheless, Renilla luciferase uses coelenterazine to emit a blue light at 482 

nm without any cofactors but has a significantly lower quantum yield and less 

enzymatic efficiency than previously mentioned Firefly luciferase. Apart from two 

others, Gaussia luciferase is a naturally secreted luciferase to emit the blue 

bioluminescence at 480 nm (Je et al. 2017). 
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Figure 5. Firefly luciferase reaction. 

Figure adapted from Thermo Fisher Scientific. Firefly Luciferase Assays & Vectors 

(online). 

This technology has a wide range of applications in studies to monitor transgene 

expression, tumor growth and metastasis, toxicology, progression of infection, viral 

infections, and gene therapy (Sadikot and Blackwell, 2005). 
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2 Goals of this work 

The aim of the present work was to investigate nucleic acid delivery via in vitro assays. 

Different types of polyethylenimine were tested together with different plasmids and 

oligonucleotide to form small nanoparticles named polyplexes. Introduction of nucleic 

acid to cancer cells was visualised and measured by Firefly luciferase reporter gene 

assay. 

Firstly, bicinchoninic acid assay (BCA assay)  was optimized as it is needed for norma-

lization of luciferase expression from reporter gene assays like Firefly assay (FF assay). 

The main reason was to perform this assay better, faster and without any errors. Pro-

bably, one of the most predictable source of errors was adding additional water, which 

was left out in the modified verson. The assay was repeated five times and BSA stan-

dard curve had reliable results showing the reproducibility of the modified method and 

was used in the following experiments.  

Secondly, microscopic observation of B16 mouse skin melanoma cell line was perfor-

med for morphological characterization and suitability for successful transfection expe-

riments for Thy-1.2 expression in cancer cells. Microscopic pictures of this mouse skin 

melanoma cell line were taken before every new passaging with three different magnifi-

cations as 10x, 20x and finally 40x. The morphology was observed by Inverted Labora-

tory Microscope which was equipped with camera. This helped to compare photos be-

tween different passage numbers. After decision that cells are proper in colour as well 

as their shape, cells were used for transfection experiments. Towards the goal of inves-

tigating expression of Thy-1.2 in these cancer cells, transfection (transient) experiments 

were performed with three different plasmids - pCpG-hCMV-EF1α-LucSH, Thy-1.2-

Luc-pUC18 and pUC19 and expression was studied by Firefly luciferase assay. Linear 

polyethylenimine (LPEI) was used as the transfection reagent to complex these 

plasmids separately and used for transfection. In case of pCpG-hCMV-EF1α-LucSH, 

luciferase gene is under constitutive expression and in case of Thy-1.2-Luc-pUC18 it is 

under the promoter Thy-1.2. pUC19 was included for basal expression. 
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Lastly, splice correction was investigated using oligonucleotides to different concentra-

tions in the form of polylexes generated with different cationic polymers as linear po-

lyethlenimine (LPEI), branched polyethylenimine (BPEI) and disulfide crosslinked po-

lyethyleimine (c-LPEI). Before splice correction transfection experiments, basal ex-

pression of luciferase was characterized in HeLa pLuc 705 cell line by FF assay. Fur-

ther, splice switching oligonucleotides based polyplexes from LPEI/BPEI/c-LPEI were 

used to transfect HeLa pLuc 705 cells and splice correction was studied by FF assay.  

 

Figure 6. Goals of the diploma thesis. 

SOP = standard operation procedure, BCA assay = bicinchoninic acid assay, SSO = 

splice switching oligonucleotide, Luc = luciferase 
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3 Materials and methods 

3.1 Equipment 

The following equipments and supplies were used for all described methods: 

• Biological Safety Cabinet, Type A2 (HERASAFE™ KS (NSF) Class II, Thermo 

Scientific™, Waltham, Massachusetts, USA)  

• Centrifuge (HERAEUS™ MEGAFUGE™ 16R, Thermo Scientific™, Waltham, 

Massachusetts, USA)  

• Centrifuge Tube 15 ml (CT-15) (Starlab International GmBH, Hamburg, 

Germany) 

• Centrifuge Tube 50 ml (CT-50) (Starlab International GmBH, Hamburg, 

Germany) 

• Cryogenic Store Vials (Thermo Scientific™, Waltham, Massachusetts, 

USA) 

• Discardit™ II syringe 10 ml (Becton Dickinson S.A., Fraga, Spain) 

• Eppendorf Research® plus micropipettes (Eppendorf, Hamburg, Germany)  

• Eppendorf Tubes (Nerbe plus GmbH, Winsen/Luhe, Germany) 

• Freezer -20 °C (Allectric, Vienna, Austria)  

• Freezer -80 °C (REVCO™ ExF, Thermo Scientific™, Waltham, Massachusetts, 

USA) 

• Freezer -150 °C (REVCO™, Thermo Scientific™, Waltham, Massachusetts, 

USA)  

• Haemocytometer: Neubauer improved (Paul Marienfeld GmbH & Co. KG, 

Lauda-Königshofen, Germany)  

• Incubator 5 % CO2, 37°C, (HERACELL™ 150i, Thermo Scientific™, Waltham, 

Massachusetts, USA) 

• Inverted Laboratory Microscope (DM IL LED, Leica Microsystems, Wetzlar, 

Germany) with Camera (DFC450, Leica Microsystems, Wetzlar, Germany)  

• Inverted Microscope (AE31 Elite Trinocular, Motic, Hong Kong, China) 

• Mr. Frosty™ Freezing Container (Thermo Scientific™, Waltham, 

Massachusetts, USA)  
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• Multi-Channel Ultra High-Performance Pipettor (VWR®, Radnor, Pennsylvania, 

USA)  

• Pipette Controller (accu-jet® pro, Brandtech Scientific Inc., Essex, Connecticut, 

USA)  

• Pipette Tips (Nerbe plus GmbH, Winsen/Luhe, Germany)  

• Plate Reader (Infinite® M200 Pro, Tecan, Männedorf, Switzerland)  

• Plate Shaker (ThermoMixer® C, Eppendorf, Hamburg, Germany)  

• Reagent Reservoirs (VWR International, West Chester, Pennsylvania, USA) 

• Refrigerator (Allectric, Veinna, Austria)  

• Syringe Filters, cellulose acetate, 0,22 µm (VWR International, Randor, 

Pennsylvania, USA) 

• Serological Pipettes 5 ml, 10 ml, 25 ml (Sarstedt, Nümbercht, Germany) 

• Storage Tubes, 2D barcoded (VWR International GmBH, Vienna, Austria)  

• TC Flask T25, Stand., Vent. Cap (Sarstedt, Nümbrecht, Germany)  

• TC Flask T75, Stand., Vent. Cap (Sarstedt, Nümbrecht, Germany)  

• Transparent 96-well flat-bottom microplate, sterile (Greiner bio-one, 

Frickenhausen, Germany)  

• Vacuboy® Vacuum Hand Operator (Integra Biosciences, Zizers, Switzerland)  

• Vacusafe™ Vacuum Aspiration System (Integra Biosciences, Zizers, 

Switzerland) 

• Vortex Mixer (ZX4, Velp Scientifica, Usmate, Italy)  

• Water Bath (VWB 18, VWR, Radnor, Pennsylvania, USA) 

• White 96-well flat-bottom microplate, transparent bottom, sterile (Greiner bio-

one, Frickenhausen, Germany) 
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The following reagents and buffers were used in this thesis: 

• Antisense oligonucleotides described in Ming and Feng, 2012 

• BCA Protein Assay Kit: BSA 2 mg/ml, Reagent A, Reagent B (Cat. No. 23225, 

Thermo Scientific, Vienna, Austria)  

• Bovine Serum Albumin (BSA) (Cat. No. A9647, Sigma-Aldrich, Steinheim, 

Germany)  

• Branched polyethylenimine (BPEI) (Cat.No. 408727, SigmaAldrich, Steinheim, 

Germany) 

• Crosslinked LPEI (c-LPEI) crosslinked in MMCT laboratory (University of 

Vienna)  

• DMEM high glucose Medium (Cat. No. D5671, Sigma-Aldrich, Steinheim, 

Germany)  

• Dulbecco’s phosphate buffered saline (DPBS) (Cat. No. D8537, Sigma-Aldrich, 

Steinheim, Germany)  

• Fetal Bovine Serum (Cat. No. F7524, Sigma-Aldrich, Steinheim, Germany)  

• HEPES buffered glucose (HBG) (20 mM HEPES/5 % (w/V) glucose, pH 7.4) 

0,2 µm filtered 

• HEPES buffered saline (HBS) (20 mM HEPES/150 mM NaCl, pH 7.4) 0,2 

µm filtered 

• Hygromycin B solution from Streptomyces hygroscopicus (Cat. No. H0654, 

Sigma-Aldrich, Steinheim, Germany) 

• L-Glutamine 200 mM (Cat. No. G7513, Sigma-Aldrich, Steinheim, Germany)  

• Linear polyethylenimine (LPEI) (Cat.No. 764582, Sigma-Aldrich, Steinheim, 

Germany)  

• Luciferase assay buffer (prepared by Katharina Müller as described in her 

diploma thesis, Vienna) 

• MQ-water (Arium®pro VF, Sartorius), autoclaved 

• Passive Lysis Buffer 5x (Cat. No. E194A, Promega, Mannheim, Germany)  

• pCpG-hCMV-EF1α-LucSH plasmid DNA described in Magnusson et al. 2011 

• Penicillin-Streptomycin (Cat. No. P0781, Sigma-Aldrich, Steinheim, Germany) 

• pUC19 plasmid DNA (Cat. No. D3404, Sigma-Aldrich, Steinheim, Germany) 

• RPMI 1640 Medium (Cat. No. R0883, Sigma-Aldrich, Steinheim, Germany)  
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• Thy-1.2-Luc-pUC18 plasmid DNA cloned in MMCT laboratory (University of 

Vienna) 

• Trypsine-EDTA Solution 1x (Cat. No. 59430C, Sigma-Aldrich, Steinheim, 

Germany) 

 

The following software programs were used in my diploma thesis: 

• LAS X 2.0.0. (14332, Leica Microsystems, Wetzlar, Germany)  

• Microsoft® Excel 2010 (Microsoft, Redmond, Washington, USA) 

• Microsoft® Office 2010 (Microsoft, Redmond, Washington, USA)  

• Microsoft® PowerPoint 2010 (Microsoft, Redmond, Washington, USA) 

• Tecan iControl 1.7 (Tecan, Männedorf, Switzerland) 

https://www.sigmaaldrich.com/catalog/product/sigma/59430c?lang=en&region=SK
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3.2 Preparation of complete media 

Choosing appropriate culture media for the specific cell line is an important first step in 

successful of cell culture experiments. For these experiments a liquid form was used 

from suppliers. The media is also available in powder form but preparation and 

filtration has to be done.  

3.2.1 Dulbecco´s Modified Eagle´s Medium – high glucose 

Preparation of complete medium was carried out in a biosafety laminar flow hood. At 

first 500 ml of Dulbecco´s Modified Eagle´s Medium – high glucose referred to as 

a basal medium from manufacturer was used for next preparation. 50 ml was pipetted 

out into sterile CT-50 and labelled as basal medium and stored at +4°C. Then 50 ml 

prewarmed and filtered FBS was added into remaining 450 ml bottle to have 10% final 

concentration. 10 ml of 200mM Glutamine was thawed before usage and mixed because 

it forms a white precipitate and added into bottle to have 2% final concentration. 5 ml of 

Penicilin-Streptomycin was pipetted to the medium to have 1% final concentration. 

After every step medium was mixed by pipetting. Finally, 50 ml aliquots were made 

and stored at +4°C.  

The medium was used for HeLa pLuc 705 cell line which requires also one more 

antibiotics like Hygromcin B which serves to select cells expressing the plasmid. Before 

usage 200 µl of Hygromycin B was added into 50 ml aliquot. It was always prepared 

fresh because I have noticed that after two prewarming cycles it turns to be more pinky 

than red. 

3.2.2 RPMI-1640 Medium  

All steps decribed above were the same in preparation of complete medium except that 

RPMI-1640 Medium was supplemented with 5 ml of 200mM Glutamine instead of 10 

ml to have 1% final concentration. The medium was without Hygromycin B.  
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3.3 Cell culture techniques 

For cell culture it is necessary to have special equipments and reagents to support cell 

growth under in vitro carefully controlled conditions. 

3.3.1 Cell line used for Thy-1.2 transfection 

B16, mouse skin melanoma cell line, obtained from Dr. Walter Berger (Medical 

University of Vienna), originating from the Mason Research Institute (University of 

Worcester), was cultivated in RPMI-1640 Medium supplemented with FBS, 200 mM 

Glutamine, and Penicilin-Streptomycin as described in section 3.2.2. Passage number 

used for transfection experiments were between n+5 and n+10.  

3.3.2 Cell line used for splice correction 

HeLa pLuc 705, human adenocarcinoma of the cervix, was received from Dr. Mehrdad 

Dirin from Prof. Johannes Winkler´s group (Medical University of Vienna). This cell 

line was cultivated in Dulbecco´s Modified Eagle´s Medium – high glucose 

supplemented with FBS, 200 mM Glutamine, Penicilin-Streptomycin and Hygromycin 

B as described in section 3.2.1. Passage number used for basic transfection was between 

27 and 31. Passage number used for splice correction was between 35 and 49.  

3.3.3 Cell culture procedure 

To avoid contamination, all experiments were performed in a sterile laminar flow hood 

using aseptic techniques. At first cell lines were thawed before experiments started. 

Before every passaging cells were checked under the microscope if they are confluent 

enough, if there are some dead cells and visually checked was the colour of medium. 

Turning to yellow colour means the pH of the media changed due to the accumulation 

of metabolic products and the media has to be changed or the cells have to be splitted. 

An old medium was removed from T25 (HeLa pLuc705 cell line) or T75 (B16 cell line) 

cell culture flask, cells were washed with Dulbecco’s phosphate buffered saline (DPBS) 

removing dead cells, detaching reagent as a Trypsin-EDTA was added into flask and 

moved to cover the whole monolayer of cells and incubated for 5 min at 37 °C. Cells 

were checked under the microscope if they are floating around. Detached cells were 

flushed into two steps with medium, transferred in CT-15 and centrifuged with 

following settings as 200 speed for 5 min at room temperature. Supernatant was 
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removed, cell pellet was resuspended in 1 ml of medium. According to splitting ratio 

the sufficient amount was added into new flask filled with prewarmed medium and 

incubated at 37 °C.  

Only prewarmed liquids were added to cells including prewarmed aliquot of medium. 

Amounts added to cells were different according to the size of the used flask. An 

important note is to never touch the bottom of the cell culture flask because the cells 

used for experiments were adherent. 

3.3.4 Cell seeding 

Before seeding procedure cells have to be harvested as described above and counted as 

well. Cell counting can be based on haemocytometer or flow cytometry. In my diploma 

thesis I was working with haemocytometer. From 1 ml cell suspension the sufficient 

amount of cells were added into new flask according to split ratio and rest amount was 

used for counting and seeding. 

For both cell lines dilution factor was chosen not to seed less than 20 µl of cell dilution 

in each well. Neubauer chamber was loaded with 10 µl of this dilution. If concentration 

was higher, dilution was done and cells were calculated again with cell counter using 

10x magnification in microscope. This counting part was repeated and the average of 

cells was used for calculation. 

Calculation for cell number 

 

 

Calculation for amount of cell dilution added per well 

 

 

After splitting and counting procedure, cells were seeded in white 96-well plate with 

a transparent flat bottom. At first cell culture media and then counted amount of cell 

dilution were added, to obtain 200 µl as a final volume per well. Cells were checked 

under the microscope to see if they are in each well of plate and incubated overnight at 

37 °C in incubator containig 5 % CO2. 
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3.4 Nanoparticles for DNA and SSO delivery 

3.4.1 Formation of polyplexes 

Generally, one of the most important features of transfection complex is N/P ratio in 

composition of polyplexes. N/P ratio is the molar ratio of nitrogens in polyethylenimine 

(PEI) and the molar ratio of phosphates in nucleic acid.  

Calculation for N/P ratio was performed as follows: 

 

 

 

where m(PEI) is a mass of PEI (µl), m(NA) is a mass of nucleid acid (µl), MwN is 43 g/mol 

which is a molecular weight of PEI per nitrogen, MwP is 330 g/mol which is 

a molecular weight of nucleic acid per phosphate. 

For all experiments N/P ratio 9 was used. Firstly, nucleic acid and PEI were diluted 

separately in HBG or HBS. Polyplexes were prepared manually by flash-pippeting right 

before adding to wells. Flash pipetting belongs to the classical method how to generate 

polyplexes and it is characterized by batch to batch variability which can affect to 

variations of the product. However, it has to be considered that formation of polyplexes 

using a pipette is restricted to relatively small volumes (Kasper et al. 2011, Taschauer et 

al. 2016). Polyplexes were added immediately without no incubation time. All 

polyplexes used in this work were done by Enes Dusinovic (MMCT, University of 

Vienna).  

In case of Thy-1.2 transfection 200 ng (10 µl) was added per well. In case of SSO 

transfection 10 pmol (6 µl), 20 pmol (12 µl), 30 pmol (18 µl), 40 pmol (24 µl) were 

added per well. 
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3.5 In vitro assays with nanoparticles for DNA delivery 

Nowadays, increasing consideration has been given to particles with nano size. 

Parameters such as chemical properties, shape, size, positive surface and charge ratio 

play a significant role on transgene expression in trasfection. 

3.5.1 Optimal seeding density for transfections 

B16 or HeLa pLuc 705 cell line were always seeded (10 000 cells per well) in white 96-

well plate with flat bottom and incubated overnight before transfection experiments. 

After 24 hours the media was replaced with basal media. Polyplexes were added and 

incubated for 4 hours at 37 °C. Complete medium was added to reach the final volume 

as 200 µl in each well and incubated for 24 hours at 37 °C. Procedure is described 

below in sections 3.5.2 and 3.5.3. 

After 24 hours treatment the media was aspirated, cells were washed with DPBS and 

then treated with passive lysis buffer. 1/3 of cell lysate was used for measuring 

luciferase activity and remaining 2/3 of cell lysate for bicinchoninic acid assay. 

Procedure is described in section 3.6. 

3.5.2 Polyplexes mediated pDNA delivery 

The seeding density as 10 000 cells per well was chosen to be optimal according to 

previous experiments at MMCT laboratory. Cells were checked in plate under the 

microscope on the day of transfection to confirm their healthiness as well as confluence. 

Before adding polyplexes, an aliquot of basal medium was prewarmed. After this the 

whole old medium in plate was aspirated from each well excluded triplicate for 

untreated cells. After aspirating, 90 µl of basal media was added and 200 ng (10 µl) per 

well for Thy-1.2 transfection with three different plasmids - pCpG-hCMV-EF1α-

LucSH, Thy1.2-Luc-pUC18 and pUC19. Polyplexes were added to wells immediately 

after their preparation. The volume of basal media and polyplexes together contained 

100 µl and plate was incubated at 37 °C for 4 hours. After the incubation period 100 µl 

of complete medium was added to have final volume 200 µl per well excluded wells 

with untreated cells. Plate was incubated for next 24 hours. The same conditions were 

kept for samples and untreated cells as well.  
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Table 2. Parameter list for pDNA/PEI optimization in transfection experiments. 

Type of cell line B16 

Seeding volume (cells/well) 10 000 

Type of PEI 

Plasmid/nucleic acid 

LPEI 

pCpG-hCMV-EF1α-LucSH 

Thy1.2-Luc-pUC18 

pUC19 

HBG or HBS HBG 

N/P ratio 9 

Amount added per well 200ng (10 µl) per plasmid 

Incubation parameters 4 h in basal media 

+ 

24 h in complete media 
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3.5.3 Polyplexes mediated SSO delivery 

The seeding density as 10 000 cells per well was chosen to be optimal according to 

basic luciferase expression characterized in this work. Cells were checked in plate under 

the microscope on the day of transfection to confirm their healthiness as well as 

confluence. 

Before adding polyplexes, an aliquot of basal medium was prewarmed. After this the 

whole old medium in plate was aspirated from each well. After aspirating 94 µl, 88 µl, 

82 µl or 76 µl of basal media were added in case of SSO transfection according to 

treatment of polyplexes which were 10 pmol (6 µl), 20 pmol (12 µl), 30 pmol (18 µl) 

and 40 pmol (24 µl) including triplicates for HBG and HBS. Polyplexes were added to 

wells immediately after their preparation. The volume of basal media and polyplexes 

together contained 100 µl and plate was incubated at 37 °C for 4 hours. After the 

incubation period 100 µl of complete medium was added to have final volume 200 µl 

per well.  Plate was incubated for next 24 hours. The same conditions were kept for all 

samples. 

Table 3. Parameter list for SSO/PEI optimization in transfection experiments. 

Type of cell line HeLa pLuc 705 

Seeding volume (cells/well) 10 000 

Type of PEI 

Plasmid/nucleic acid 

LPEI, BPEI, c-LPEI 

LUC ASO and NEG ASO 

HBG or HBS HBG and HBS 

N/P ratio 9 

Amount added per well 10 pmol, 20 pmol, 30 pmol, 

40 pmol (6, 12, 18, 24 µl) 

Incubation parameters 4 h in basal media 

+ 

24 h in complete media 
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3.6 Gene expression  

Procedure on day 1 (seeding cells) is decribed in 3.3.4 section, and day 2 (transfection) 

is described in 3.5.2 and 3.5.3 sections. On day 3 luminescence was measured by Firefly 

luciferase assay and normalized by protein amount of cells performed BCA assay.  

Every experiment was performed in triplicates. 

For Firefly luciferase assay 10 µl of lysate was measured and calculated as RLU per 30 

µl of lysate (RLU/well). 

For protein normalization 20 µl of lysate was measured and calculated as RLU per 30 µl 

of lysate (RLU/well). 

Most experiments were repeated three times, some experiments four times, in some 

cases only two times, depending on the experiment. Standard deviation (± SD) is always 

shown in each experiment. The present work focuses mainly on optimization of 

parameters and data shows results from different experiments where each experiment 

has its own goal. Thus, no statistical analysis was applied on results. 

3.6.1 Firefly luciferase assay 

After splitting, counting and seeding cells, Firefly luciferase assay can be performed. At 

first passive lysis buffer (PLB) 1x was diluted from PLB 5x using MQ-water. The plate 

was put out from incubator and checked under the microscope for healthy status of 

cells. The whole old media was removed using a vaccum pump and gently washed with 

200 µl of DPBS with multichannel pipette and removed by vaccum pump. 30 µl of PLB 

1x was pipetted to each well using a single pipette because it forms bubbles. The plate 

was shaken for 30 minutes at room temperature and 500 rpm. Lysate was checked under 

the microscope. 20 µl of lysate was transferred to transparent plate for measuring BCA 

assay (procedure described below in section 3.6.2) and 10 µl of lysate was used for 

Firefly luciferase assay. 
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Luminescence measurement 

For this measurement the plate reader (Tecan Infinite® M200 PRO), equipped with 

Microplate Reader Software – Infinite Control and injectors, was switched on 30 

minutes prior to usage. The injectors were washed according to following steps: with 

Aqua purificata, 70% Ethanol, Aqua purificata and then primed firstly with air and 

secondly with substrate. The plate was read without a cover and wells were marked on 

the template in Infinite Control including blanks.  

The luminescence was measured after injecting LAB substrate for samples as well as 

blanks. LAB substrate was prepared by Katharina Müller (MMCT, University of 

Vienna) as described in her diploma thesis (Müller, 2017). 

For this measurement adjustments were set up as follows: 

• Injection volume (µl)   100 

• Speed (µl/sec)   200 

• Refill speed (µl/sec)  100 

• Injection refill volume (µl) 500 

• Wait time (sec)  2 

• Integration time (ms)  10 000 

• Settle time (ms)  0  

Relative light units (RLU) were shown as results. Doing a backflush removed remaining 

substrate from the system. It was washed once with Aqua purificata and 70% Ethanol, 

primed with 70% Ethanol to get rid of all traces of substrate. Finally, Aqua purificata 

was used for washing. 
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3.6.2 Bicinchoninic acid assay 

BCA assay was performed in a transparent 96-well plate with flat bottom. At first PLB 

2x was diluted from PLB 5x using MQ-water. Working reagent was prepared by mixing 

50 parts of Reagent A and 1 part of Reagent B and put in dark place because of light 

sensitivity. 

Standard dilutions were prepared by mixing MQ-water, BSA 2mg/ml, PLB 2x and 

mixed. According to the modified protocol decribed in detail in section 4.1.2 I added 20 

µl to transparent 96-well plate starting from the lowest concentration to the highest one.  

Samples were prepared as described above in section 3.6.1 and according to the 

modified protocol 20 µl of lysate was transferred from white plate to transparent plate. 

Samples were transferred in triplicates using a multichannel pipette. After this part, 

working reagent was quickly added to each well because turning to violet colour from 

green is very fast. The plate was shaken for 30 seconds at room temperature and 300 

rpm and incubated at 37 °C for 30 minutes. Then the plate was put out from incubator 

for 10 minutes to reach room temperature. Absorbance was measured at the same plate 

reader with the same software as Firefly luciferase assay.  

For this measurement adjustments were set up as follows: 

• Wavelength (nm)  562 

• Bandwidth (nm)  9 

• Number of flashes  25 

• Settle time (ms)  0  
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4 Results 

4.1 Optimization of BCA assay 

Bicinchoninic acid assay is an assay based on spectrophotometric methods. In the 

present work, standard operating procedure was changed to perform this assay faster 

than previously used procedure. 

4.1.1 BCA assay with non-modified protocol 

Doing standard dilutions was done by mixing MQ-water, BSA 2 mg/ml and PLB 2x 

according to the table.  

Table 4. Composition of bovine serum albumin used in non-modified protocol. 

MQ-water (µl) BSA 2 mg/ml (µl) PLB 2x (µl) BSA (µg/well) 

- 50,00 50,00 25,00 

12,48 37,52 50,00 18,75 

25,00 25,00 50,00 12,50 

37,52 12,50 50,00 6,25 

43,76 6,24 50,00 3,125 

48,76 1,252 50,00 0,625 

50,00 - 50,00 Blank 

25 µl of this dilution was added to transparent 96-well plate in triplicates starting from 

the lowest concentration to the highest concentration. 

20 µl of cell lysate was transferred to transparent 96-well plate as well as 20 µl of blank 

for samples. 5 µl of MQ-water was added to reach the same volume as standard 

dilutions. 
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4.1.2 BCA assay with modified protocol 

In modified protocol adding MQ-water, BSA 2 mg/ml, PLB 2x in this order did not 

change but the following table has changed.  

Table 5. Composition of bovine serum albumin used in modified protocol. 

MQ-water (µl) BSA 2 mg/ml (µl) PLB 2x (µl) BSA (µg/well) 

- 50,00 50,00 20,00 

10,00 40,00 50,00 16,00 

20,00 30,00 50,00 12,00 

30,00 20,00 50,00 8,00 

40,00 10,00 50,00 4,00 

45,00 5,00 50,00 2,00 

50,00 - 50,00 Blank 

20 µl of this dilution was added to transparent 96-well plate in triplicates starting from 

the lowest concentration to the highest concentration. 

20 µl of cell lysate was transferred to transparent 96-well plate as well as 20 µl of blank 

for samples.  

4.1.3 Differences in both protocols 

Differences in non-modified and modified protocols are visible already at the first sight 

in tables 4 and 5. Table 5 which represents changes from previously used procedure is 

easier for handling with pipettes. It is not necessary to use the smallest pipette and 

numbers are without decimal points which is a very good advantage and improving 

precision. Preparation of standard dilutions is then faster as well.  

Transferring 20 µl of dilutions and also transferring 20 µl of cell lysate and 20 µl of 

blank to transparent 96-well plate seemed to be sufficient and enough. In modified 

version no MQ-water is required to reach the same final volume because it already has 

a final volume. The biggest and the most important advantage was to avoid some source 

of errors which it can be in our case adding 5 µl of MQ-water because it is only one 

drop and results maybe were not as exact as we expected. Performing this assay is also 

time-saving especially if we have more than one plate.  
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However, both protocols works and both can be performed. On the other hand, if we 

consider and compare prons and cons in both preparations we would rather choose 

modified version of protocol for BCA assay where we can directly skip one additional 

step. 

4.1.4 BSA standard curves 

For testing modified protocol, BCA assay was done and repeated five times. For those 

experiments the following coefficient of determination was R2= 0,9969, R2= 9966, R2= 

9900, R2= 9914, R2= 9787. Results were comparable and this protocol was used for next 

experiments.  

 

Figure 7. BSA standard curve for a BCA assay using modified protocol. 

As shown absorption values are plotted on the y axis and bovine serum albumin on the x 

axis. Coefficient of determination (R2) characterises an equation of trend line. Data are 

shown as a mean of triplicates ± SD in one representative experiment. 
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4.2 Observation of morphology and transfection of B16 cell 

line 

4.2.1 Morphology of B16 cell line 

For successful cell culture experiments, examining the morphology is essential. B16 cell 

line was inspecting by eye and with microscope each time before every passaging. It 

allowed to detect any signs of contamination and to confirm the healthy status of the 

cells.  

Photos were taken before splitting procedure using Inverted Laboratory Microscope 

equipped with camera. Magnifications like 10x, 20x and 40x were used.  

a  b  

Figure 8. Morphology of B16 cell line using 10x magnification. 

Picture (a) shows passage number n+6 and picture (b) shows passage number n+18. 

 

a  b  

Figure 9. Morphology of B16 cell line using 20x magnification. 

Picture (a) shows passage number n+6 and picture (b) shows passage number n+18. 

200 µm 

 

200 µm 

 

200 µm 

 

200 µm 
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a  b  

Figure 10. Morphology of B16 cell line using 40x magnification. 

Picture (a) shows passage number n+6 and picture (b) shows passage number n+18. 

B16 cell line is a skin mouse melanoma cell line and the dark globules are globules of 

pigment because it is a melanin producing tumor cell line. Cells are fibroblast-like and 

can be bipolar or multipolar with elongated shapes. As we can see melanin is still there 

even when we have higher passage number. The shape and colour has not changed as 

well.  

4.2.2 Luciferase expression of Thy-1.2 gene after transfection 

Thy-1.2 gene is expressed in adult mice in brain (Caroni, 1997) and the goal of this part 

of work was to investigate expression of Thy-1.2 in B16 cancer cells. Transfection ex-

periments were performed with three different plasmids - pCpG-hCMV-EF1α-LucSH, 

Thy1.2-Luc-pUC18 and pUC19 and expression was studied by Firefly luciferase assay. 

In case of pCpG-hCMV-EF1α-LucSH, luciferase gene is under constitutive expression 

and in case of Thy1.2-Luc-pUC18 it is under the promoter Thy-1.2. pUC19 was inclu-

ded for basal expression. 

B16 cells were seeded into white 96-well plate at density 10 000 cells per well and 

incubated overnight. On the following day, polyplexes at N/P ratio 9 were added at 

a treatment dosage of 200 ng per well. In this experiment linear polyethylenimine 

formed in HBG was used together with different types of plasmids as pCpG-hCMV-

EF1α-LucSH which has a strong promotor, Thy1.2-Luc-pUC18 where luciferase 

expression is under Thy-1.2 promotor and finally pUC19 which has no luciferase signal. 

200 ng (10 µl) of polyplexes from the three types of polyplexes (based on three different 

plasmids) were added to each well. After 24 hours incubation Firefly luciferase assay 

and BCA assay were performed. 

200 µm 

 

200 µm 
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Figure 11. pCpG-hCMV-EF1α-LucSH plasmid. 

  

Figure 12. Thy1.2-Luc-pUC18 plasmid. 
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Figure 13. pUC19 plasmid. 
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Luminescence was measured performing Firefly luciferase assay based on reporter gene 

assay and total protein amount was measured by BCA assay.  

 

Figure 14. Transfection results of B16 cell line. 

Four independent experiments were performed. Results were substracted with a mean 

of HBG. Data are shown as luminescence values (RLU/30 µl = relative light units per 

30 µl) in darker blue colour and normalized luminescence values (RLU/1µg protein = 

relative light units per 1µg protein) in light-coloured blue. A mean of triplicates 

including ± SD for all independent experiments is shown. 

LucSH (pCpG-hCMV-EF1α-LucSH), Thy1.2 (Thy1.2-Luc-pUC18), pUC19 (pUC19) 

According to the results we can see that LucSH has the highest signal and pUC19 has 

the lowest signal. Thy-1.2 is in the middle which means that there is a signal but at very 

basic level, near pUC19 which has no luciferase signal.  
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4.3 Luciferase expression in HeLa pLuc 705 cell line 

4.3.1 Basal luciferase expression  

Before experiment with splice switching oligonucleotides, characterization of 

background luciferase expression in HeLa pLuc 705 cells was performed.  

HeLa pLuc 705 cells were seeded into white 96-well plate at different seeding density 

10 000, 20 000, 40 000 and 80 000 cells per well. The plate was incubated overnight 

and afterwards Firefly luciferase assay and BCA assay were measured. 

 

Figure 15. Basic luciferase expression in HeLa pLuc 705 cell line. 

Four independent experiments were performed. Data are shown as luminescence values 

(RLU/30µl = relative light units per 30 µl) in darker blue colour and normalized 

luminescence values (RLU/1µg protein = relative light units per 1µg protein) in light-

coloured blue. A mean of triplicates including ± SD for all independent experiments is 

shown. 

Luminescence was increasing with seeding number (cells/well) whereas normalized 

luminescence values stayed similar at the same level.  
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4.3.2 Splice correction by polyplex based transfection 

Acoording to the background of basic expression in HeLa pLuc 705, 10 000 cells/well 

were seeded into white 96-well plate for all experiments. The plate was incubated 

overnight and on the following day polyplexes were added. Linear, branched and 

disulfide crosslinked polyethyleimines were used together with antisense 

oligonucleotides. Polyplexes were created in HBG or HBS for each experiment for 

luciferase and as well as negative controls. Untreated cells, only with HBG or HBS, 

were kept under the same conditions as samples. Cells were treated with different 

concentrations of polyplexes starting from C1 (10 pmol/well), C2 (20 pmol/well), C3 (30 

pmol/well) to C4 (40 pmol/well) with N/P ratio 9. 

The first point was to find out the right concentration to achieve splice correction with 

antisense oligonucleotides. The first experiment was performed with LPEI and BPEI 

separately diluted in HBS and HBG. Concentrations C1 and C2 were prepared and 

measured by Firefly luciferase reporter gene expression.   

For all experiments LUC SSO (luciferase splice switching oligonucleotide) is compared 

with NEG SSO (negative splice switching oligonucleotide) for the same concentrations 

and also for HBS or HBG. 

 

Figure 16. Luciferase expression after transfection with concentrations C1 and C2 

created in HBS with BPEI and LPEI. 

Two independent experiments were performed. Luminescence values are shown as RLU 

(RLU/30 µl = relative light units per 30 µl). A mean of triplicates including ± SD for all 

independent experiments is shown. C1 (10 pmol/well), C2 (20 pmol/well) 



48 
 

 

 

Figure 17. Luciferase expression after transfection with concentrations C1 and C2 

created in HBG with BPEI and LPEI. 

Two independent experiments were performed. Luminescence values are shown as RLU 

(RLU/30 µl = relative light units per 30 µl). A mean of triplicates including ± SD for all 

independent experiments is shown. C1 (10 pmol/well), C2 (20 pmol/well) 

The highest signal we can notice is in case of LUC C2 with BPEI created in HBG 

whereas concentration C1 was at very basic level. 

After this comparison between C1 and C2 concentrations with LPEI and BPEI in HBS or 

HBG, the highest signal was in LUC SSO C2 with BPEI in HBG. However, this signal 

was still not so high to achieve splice correction.  
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4.3.2.1 LPEI/oligonucleotides 

According to previous results, concentrations were increased to C3 and C4. Polyplexes 

were created in HBG and LPEI was used. For those experiments, only HBG with LPEI 

was tested because the increase was slightly higher in lower concentrations (C1 and C2) 

than in the case with HBS. 

Some increase was in concentration C4 but it increased only a little in this case, so after 

two experiments the main focus was on BPEI and c-LPEI described in the following 

sections. 

 

Figure 18. Luciferase expression after transfection with concentrations C3 and C4 

with LPEI in HBG. 

Two independent experiments were performed. Luminescence values are shown as RLU 

(RLU/30 µl = relative light units per 30 µl). A mean of triplicates including ± SD for all 

independent experiments is shown. Light-coloured green shows concetration C3 (30 

pmol/well) and darker green colour represents increased concentration to C4 (40 

pmol/well). 
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4.3.2.2 BPEI/oligonucleotides 

Branched polyethylenimine was tested in HBG and HBS as well with concentrations C2, 

C3 and C4. By the shade of the colour higher concentrations are shown starting from C2, 

C3 to C4.  

 

Figure 19. Luciferase expression after transfection with concentrations C2, C3, C4 

with BPEI in HBG. 

Three independent experiments were performed. Luminescence values are shown as 

RLU (RLU/30 µl = relative light units per 30 µl). A mean of triplicates including ± SD 

for all independent experiments is shown. Light-coloured orange shows concetration C2 

(20 pmol/well) and darker orange colour represents increased concentration to C3 (30 

pmol/well) and the darkest orange colour shows concentration C4 (40 pmol/well). 
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Figure 20. Luciferase expression after transfection with concentrations C2, C3, C4 

with BPEI in HBS. 

Three independent experiments were performed. Luminescence values are shown as 

RLU (RLU/30 µl = relative light units per 30 µl). A mean of triplicates including ± SD 

for all independent experiments is shown. Light-coloured blue shows concetration C2 

(20 pmol/well) and darker blue colour represents increased concentration to C3 (30 

pmol/well) and the darkest blue colour shows concentration C4 (40 pmol/well). 

To compare branched polyethylenimine created in HBG or HBS, better results for splice 

correction are in case of HBS at concentration C4. On the other hand, not only C4 is 

higher in HBS but also another concentrations as C2 and C3.  
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4.3.2.3 c-LPEI/oligonucleotides 

For disulfide crosslinked polyethyleimine the same concentrations were tested as in the 

previous mentioned BPEI experiment. Further, polyplexes were generated in HBG and 

HBS too. By the shade of the colour higher concentrations are shown starting from C2, 

C3 to C4. 

 

Figure 21. Luciferase expression after transfection with concentrations C2, C3, C4 

with c-LPEI in HBG. 

Three independent experiments were performed. Luminescence values are shown as 

RLU (RLU/30 µl = relative light units per 30 µl). A mean of triplicates including ± SD 

for all independent experiments is shown. Light-coloured grey shows concetration C2 

(20 pmol/well) and darker grey colour represents increased concentration to C3 (30 

pmol/well) and the darkest grey colour shows concentration C4 (40 pmol/well). 
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Figure 22. Luciferase expression after transfection with concentrations C2, C3, C4 

with c-LPEI in HBS. 

Three independent experiments were performed. Luminescence values are shown as 

RLU (RLU/30 µl = relative light units per 30 µl). A mean of triplicates including ± SD 

for all independent experiments is shown. Light-coloured yellow shows concetration C2 

(20 pmol/well) and darker yellow colour represents increased concentration to C3 (30 

pmol/well) and the darkest yellow colour shows concentration C4 (40 pmol/well). 

Disulfide crosslinked polyethyleimine is comparable either in HBG or HBS in all 

concentrations to achieve splice correction. However, in case of HBG higher signal is 

expressed. 
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4.3.2.4 BPEI, c-LPEI/HBG, HBS 

Branched and disulfide crosslinked polyethylenimines can be used for splice correction. 

To compare transfection efficiency of polyplexes in HBG or HBS data are shown as 

a mean from all three experiments for each concentration. 

Data shows that BPEI created in HBS has higher values. Although, it does not mean 

that c-LPEI does not work. In HBS better results we have with branched 

polyethylenimine. 

 

Figure 23. Luminescence of BPEI /c-LPEI created in HBS. 

Luminescence values are shown as RLU (RLU/30 µl = relative light units per 30 µl). 

A mean of triplicates including ± SD is shown. Blue colour represents BPEI in HBS and 

the other colour represents c-LPEI in HBS. 
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In contrast from previous mentioned HBS where BPEI showed up to create better 

complex, in case of HBG more suitable is c-LPEI.  

 

Figure 24. Luminescence of BPEI /c-LPEI created in HBG. 

Luminescence values are shown as RLU (RLU/30 µl = relative light units per 30 µl). 

A mean of triplicates including ± SD is shown. Orange colour represents BPEI in HBG 

and grey colour represents c-LPEI in HBG. 
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Branched polyethylenimine seems to be good for splice correction when it is created in 

HBS where luminescence was increasing together with increasing concentrations, 

whereas BPEI created in HBG reach almost the same values for all concentrations.  

 

Figure 25. Luminescence of BPEI created in HBG/HBS. 

Luminescence values are shown as RLU (RLU/30 µl = relative light units per 30 µl). 

A mean of triplicates including ± SD is shown. BPEI created in HBG or HBS is differ in 

colour. 
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Disulfide crosslinked polyethylenimine shows dose dependent increase in all 

concentrations. To achieve splice correction it is better to use c-LPEI formulated in 

HBG. 

 

Figure 26. Luminescence of c-LPEI created in HBG/HBS. 

Luminescence values are shown as RLU (RLU/30 µl = relative light units per 30 µl). 

A mean of triplicates including ± SD is shown. c-LPEI created in HBG or HBS is differ 

in colour. 
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5 Discussion 

This diploma thesis aimed at investigating nucleic acid delivery into eukaryotic cells by 

performing in vitro transfection assays for different applications. These transfection 

assays need protein normalization of the reporter gene data, which can be done by 

assays like  bicinchoninic acid assay (BCA) and BCA optimization was the first goal. 

Further, transfection assays were done to investigate expression of luciferase in cancer 

cell lines under Thy-1.2 promoter and nanoparticle mediated splice correction. 

Optimization of BCA assay 

Protein assays belongs to the most widely used methods in research applications and 

development labs. 

The determination of total protein concentration in a sample prior to liquid 

chromatography, electrophoretic, immunochemical, or mass spectrometry analysis is a 

key to achieve accurate and reproducible experimental results (Sampson et at. 2013).  

Bradford assay belongs to the dye binding assays whereas Bicinchoninic acid together 

with Lowry assays belongs to the biochemical assays. These groups are based on 

spectrophotometric protein concentration assays. Each assay has its own limitations, 

advantages and disadvantages. Consequently, it is a very important and crucial step to 

select suitable method to determine total protein concentrations. We should consider 

factors as amount of protein present, the presence of interfering substances, the 

specificity of the method and the amino acid composition of the protein prior to 

choosing the appropriate method as described Grimsley and Pace, (2003). However, 

availability of the assay should be considered as well as their cost. 

The Lowry method is a colorimetric method. This method has been widely used for the 

past 50 years (Lowry et al. 1951). Lowry’s publication of the methods is the most cited 

paper in the history of biochemistry which also attests to its popularity (Grimsley and 

Pace, 2003). The Lowry assay works in alkaline conditions, and involves following two 

steps. First, the Biuret reaction which is based on the reduction of Cu2+, then it binds to 

protein forming a Cu1+ peptide complex. Second, subsequent reduction of the Folin–

Ciocalteu reagent (Redmile-Gordon et al. 2013) which is not so well understood but in 

essence phosphomolybdotungstate is reduced to heteropolymolybdenum blue by the 
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copper-catalyzed oxidation of aromatic amino acids (Waterborg, 2009). In the original 

format declared by Lowry et al., (1951), the assay also gave a false indication of 

protein, if polyphenols are present, which both reduce the Folin-Ciocalteu reagent, 

contributing to absorbance in the same region of the spectrum for protein complexes 

(Redmile-Gordon et al. 2013). This measurement is carried out with peak at 750 nm. 

The reaction results in a blue color, depending partly on the tyrosine and tryptophan 

content (Waterborg, 2009). The Lowry method is a sensitive method but highly 

nonspecific procedure. It is best used on solutions with concentrations in the range 

0,01–1,0 mg/mL of protein (Waterborg, 2009). 

The Bradford method (Bradford, 1976), based on binding of a blue dye to the protein, 

became popular and eventually substituted the Lowry method, in the mid-1970s 

(Grimsley and Pace, 2003). This assay relies on interactions between basic amino acids 

residues: primarily arginine, lysine and histidine with the Coomassie brilliant blue G-

250 dye (CBB) in an acidic matrix. The binding of this CBB to proteins results in a 

spectral shift to the blue form of the dye (Redmile-Gordon et al. 2013). There are three 

forms of the dye with their specific colours, as cationic (red), neutral (green), and 

anionic (blue). The more anionic blue form has an absorbance maximum at 590 nm. In 

contrast, more cationic red and green forms have absorbance maxima at 470 nm and 

650 nm (Kruger, 2009). This technique is faster and more sensitive than the Lowry 

method as well as simpler. Moreover, if compared to the Lowry method, it undergoes 

less interference by common reagents and non-protein components of biological 

samples (Kruger, 2009).  

The bicinchoninic acid (BCA) assay is a colorimetric method that is routinely employed 

to estimate the concentration of protein in a sample (Bainor et al. 2011). This assay, 

first described by Smith et al., (1985), is similar to the Lowry assay, since it also 

depends on the conversion of Cu2+ to Cu+ under alkaline conditions. The Cu+ is 

thereafter detected by reaction with BCA. Lowry assay and BCA assay are of similar 

sensitivity, but BCA is more stable under alkali conditions. This assay also has the 

advantage that it can be carried out as a one step process compared to the two steps 

needed in the Lowry assay (Walker, 1994).  

The formation of a metal–acid complex is done when the reduced copper is chelated by 

two bicinchoninic acid residues.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3819989/#bib21
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This complex produces the characteristic deep purple color which can be quantitatively 

measured in a spectrophotometer at 562 nm. For the reason that the production of 

Cu1+ is theoretically a function of the number of peptide bonds, with cysteine, tyrosine, 

and tryptophan residues reducing Cu2+ more favorably, in a protein preparation, the total 

protein concentration can be estimated by comparison to a known protein standard like 

bovine serum albumin (Sampson et al. 2013). This method maintains the high 

sensitivity and mainly low protein-to-protein variation associated with the Lowry 

technique (Smith et al. 1985).  The usual working range is 0,5-1000 μg protein/mL. 

In contrast with other methods available at that time, for example Bradford and Lowry 

assays, the BCA protein assay is compatible with samples that contain up to 5% 

surfactants (detergents) as written on webpage Thermo Fisher Scientific (online).  

The protocol for BCA assay used at Laboratory of MacroMolecular Cancer 

Therapeutics was optimized according to manual The Thermo Scientific Pierce BCA 

Protein Assay Kit from manufacturer. This Kit contains: BCA Reagent A (containing 

sodium carbonate, sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0,1M 

sodium hydroxide), BCA Reagent B (containing 4 % cupric sulfate) and Albumin 

Standard Ampules, 2 mg/mL (containing bovine serum albumin (BSA) at 2 mg/mL in 

0,9 % saline and 0,05 % sodium azide) (Thermo Fisher Scientific, online). 

It was optimized that 30 µl 1x Lysis Buffer for cell lysis is enough. In contrast to 50 µl 

0,5x Lysis Buffer, which had been applied until now. Passive lysis buffer 1x was 

prepared by mixing passive lysis buffer 5x and MQ-water. A higher concentrated buffer 

was found to suit better as described Katharina Müller (2017) in her diploma thesis.  

The pipetted recommended amount was 25 µl of each standard into a microplate format. 

Regarding to cell lysate it was only 20 µl. This amount seems to be sufficient for BCA 

assay and rest 10 µl for Firefly assay. On the one hand, it causes a problem because it is 

necessary to obtain the same volume in each well to measure it properly. Thus, 

additional 5 µl of MQ-water was added to reach the final volume 25 µl. On the other 

hand this additional pipetting step can be a source of error. Its amount is very low and 

difficult for pipetting. So in this thesis, the protocol for BCA assay was modified by 

using directly 20 µl of standard dilutions instead of 25 µl. In the instructions from 

manufacturer (Thermo Fisher Scientific, online) it is written that if sample size is 

limited then the working range of the assay will be limited as well. For our experiments 
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it have not influenced the effectiveness and reliability during the procedure. Transfering 

cell lysate has not changed and stays at 20 µl. If we compare tables in sections 4.1.1 and 

4.1.2 it is obvious that amounts are different. A very good advantage is that the pipetted 

volumes are in whole numbers, which make pipetting easier and also adds precision. It 

is not necessary to use the smallest pipette, and the work is faster which contributes to 

the unnecessary step of adding water. 

The protocol with the previously optimized volume of the lysis buffer, now updated for 

the lower volume of sample or standard in the assay, works equally as well as the 

original one. Both can be performed but to consider advantages and disadvantages it is 

easier and faster to choose modified protocol especially if we have more than one 

microplate. Next steps during procedure were the same according to non-modified 

protocol used in MMCT laboratory and used for all experiments in this diploma thesis. 

Thy-1.2 expression in B16 melanoma cells  

In the present work three different plasmids were compared to know their efficiency in 

transfection experiments together with expression Thy-1.2 gene in tumor cells. The 

pCpG-hCMV-EF1α-LucSH (luc luciferase, sh neomycin resistance) plasmid has been 

shown to induce high and stable expression levels of the luciferase insert as described in 

Magnusson et al. (2011). We used this plasmid as a positive control because it has 

a strong promotor and the highest signal was expected. Recombinant plasmid pUC19 

without promotor was used as a negative control. Thy1.2-Luc-pUC18 was our plasmid 

for examination of Thy-1.2 expression in cancer cells.  

Thy-1 is originally identified as a cell-surface alloantigen in thymus and brain in mouse 

(Wang et al. 2004) with two allotypic forms called Thy-1.1 and Thy-1.2 (Campbell et 

al. 1981). According to the Caroni (1997) experiments, the only site outside the nervous 

system, where transgene expression takes place, is the lung but its expression is weak. 

Our objective was to find out what is the expression of this transgene in cancer cells 

after transfection. These transfection experiments were measured after 24 hours via 

a luciferase reporter gene assay. Results showed that Thy-1.2 gene is also expressed in 

cancer cells but the signal was not so high. 

https://www.frontiersin.org/articles/10.3389/fphys.2016.00147/full#B35
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Splice correction by different cationic polymer based polyplexes 

Non-viral vectors consist of synthetically produced biological particles, where the 

plasmid DNA carrying the therapeutic gene expression cassette is encapsulated or 

bound to a synthetic chemical compound and then released at the target site upon 

delivery. Contrary to viral vectors, non-viral systems are comparatively easy to produce, 

and the risk for inflammatory complications is lower. Despite of the fact the efficiency 

is reduced when compared to viral vectors. Non-viral vectors also have another 

importance, because besides pDNA they are also capable of delivering synthetic 

compounds such as oligonucleotides or siRNA (Chira et al. 2015).  

Polyplex vehicles, or molecular conjugates are vehicles generated by condensing 

nucleic acids together with a cationic polymer that can be chemically crosslinked to a 

ligand in order to direct delivery to specific target cells (Schaffer et al. 2000). There are 

many synthetic nanoparticles including polymeric nanoparticles, polymer conjugates, 

lipid-based carriers such as liposomes and micelles, dendrimers, peptides, carbon 

nanotubes, and gold nanoparticles (Zaman et al. 2004). This diploma thesis deals with 

three different polyplexes based on linear polyethlenimine (LPEI), branched 

polyethylenimine (BPEI) and disulfide crosslinked polyethyleimine (c-LPEI) with 

antisense oligonucleotide. 

Two major methods are employed in RNA medicine (the therapeutic targeting of RNA): 

antisense oligonucleotides (ASO) and double stranded RNA-mediated interference 

(RNAi) (Chery, 2016). Watts and Corey (2012) briefly described ASO and siRNA 

mechanisms as 1) ASOs must be stable as single-stranded oligonucleotides and find 

their target alone, 2) siRNAs are delivered as duplexes, then taken up by Argonaute 

(AGO), part of the RNA-induced silencing complex. Single-stranded antisense 

oligonucleotides silence gene expression by a variety of mechanisms, including: 

inhibiting 5’cap formation, inhibiting or altering RNA splicing, steric blocking of 

protein translation, and activation of RNase H, which degrades the target mRNA 

(Chery, 2016). One of the objectives of this work is focused on the study of alternative 

splicing mechanism.  

Precursor (pre)-mRNA splicing is the process where introns are removed from a pre-

mRNA and exons are connected together to produce a mature mRNA. Removal of 

introns from pre-mRNAs happens in eukaryotes from yeast to human (Shkreta and 
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Chabot, 2015). Alterations in the appropriate splicing pattern might lead to disease 

(Chery, 2016). 

Antisense oligodeoxyribonucleotides (small pieces of DNA) are complementary via 

Watson–Crick base pair hybridization to a targeted mRNA (Castanotto and Stein, 

2014). Oligonucleotides are one promising category of synthetic agents. These 

compounds can be designed to recognize any species of cellular DNA or RNA. In 

theory, they have the potential to modulate gene expression and affect the course of 

almost any disease (Watts and Corey, 2012). Antisense oligonucleotides can be 

synthesized very fast, inexpensively and are fairly nontoxic (Castanotto and Stein, 

2014). The ideal antisense oligonucleotides should bind to a specific sequence on RNA 

transcript. They should be readily taken up by cells in target tissues, and be active in the 

appropriate intracellular compartment.  

In addition, in a splicing strategy it is essential that antisense oligonucleotide molecules 

localize in the nucleus, in contrast to the siRNA approach depends upon antisense 

oligonucleotide remaining in the cytoplasm, where the interfering RNA (iRNA) can act 

(Falzarano et al. 2014). The problem is that oligonucleotides are hydrophilic molecules 

and they cannot pass the cell membrane. To complex oligonucleotides with polymers 

can overcome this barrier. Thus, in this study, we focused on the comparison of various 

structural types of polyplexes for oligonucleotide delivery. Polyethylenimines are the 

most widely used for gene delivery, among various synthetic vectors, because of their 

high nucleic acid condensing capability, ability for endosomal escape, and nuclear 

localization capability. Due to their positive charge density PEIs can bind DNA into 

condensed particles by electrostatic interaction. Their transfection efficacy is promising 

for both in vitro and in vivo studies (Sawant et al. 2012).  

By adding polyplexes containing oligonucleotides to cells, we aimed at achieving splice 

correction in pre-mRNA. The signal was measured by Firefly luciferase assay. At first, 

LPEI and BPEI were compared in buffers with glucose or saline at two concentrations 

(C1 = 10 pmol/well, C2 = 20 pmol/well). The signal was achieved in BPEI created in 

HBG with concentration C2. In case of linear polyethylenimine the signal was so weak 

that we decided to increase concentrations to C3 = 30 pmol/well and C4 = 40 pmol/well. 

Although the signal was not high enough to achieve splice correction. The explanation 

can be the toxicity associated with polymers. Generally, branched PEIs (having a high 
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MW) have high transfection efficiency but also higher toxicity due to high cationic 

charge. Although, low MW PEIs are less toxic but also less efficient as gene delivery 

agents (Sawant et al. 2012). Therefore we continued with branched polyethylenimine 

experiments with higher concentrations as described for LPEI (C3 = 30 pmol/well and 

C4 = 40 pmol/well). According to the results the signal was high enough to achieve 

splice correction in all concentrations. The signal was higher when BPEI was created in 

HBS. What was interesting in this part is that only in case of BPEI in HBS we can see 

slightly dose dependent increase whereas the values of BPEI created in HBG values are 

similar for all concentrations. To have all three available polyethylenimines together 

also disulfide crosslinked polyethyleimine was used for splice correction. It was 

performed under the same conditions as LPEI and BPEI. In this case, all concentrations 

were effective in splice correction and dose dependent increase was achieved in both 

HBG and HBS. The highest signal obtained in all experiments was in case of c-LPEI 

created in HBG at concentration C4. Crosslinking low molecular weight PEI has come 

out as a strategy to overcome cytotoxicity while maintaining relatively high transfection 

efficiency. Hydrolytic degradation and disulfide reduction are the strategies primarily 

employed to initiate intracellular release of DNA from crosslinked PEI (Bonner et al. 

2013). Breunig et al. have shown transfection efficiencies of over 60% combined with 

over 90% cell viability in various cell lines transfected with disulfide crosslinked LPEI 

(Bonner et al. 2013). 

Particular success was attributed to the improved biophysical properties associated with 

decreased surface charge, reduced non-specific binding to cells and serum proteins as 

well as lower toxicity. PEGylation could improve gene transfer efficiency to target cells 

and tissues in few instances. On the other hand, stable PEGylation of polyplexes 

strongly reduces the transfection efficiency (Sawant et al. 2012). 
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6 Conclusion 

For bicinchoninic acid assay (BCA assay) in the currently used standard operating 

procedure the BSA standard concentrations were modified and one step of adding water 

was skipped completely. The protocol with changed amounts was working nicely and 

was used for next experiments. 

Morphology of B16 cell line has not changed during all experiments. Cells were in a 

good condition and they were growing fast as well. Every three to five days they were 

splitted and checked under the microscope as well as brightfield images were taken for 

comparison. The shape and colour were the same also with increasing passage number. 

B16 cells were then used for testing the Thy-1.2 gene which is mainly expressed in 

adult mice in brain if it is also expressed after transfection in cancer cells. Plasmid of 

DNA as Thy1.2-Luc-pUC18 was evaluated in the middle of two other plasmids as 

pCpG-hCMV-EF1α-LucSH and pUC19 as well. That represents expression of the Thy-

1.2 gene in tumor cells at very basic level. Its expression after transfection was nearly to 

pUC19 which has no promotor and no signal is expected.  

For splice correction BPEI, LPEI and c-LPEI have been used to form complex with 

oligonucleotide. This complex called polyplex was able to enhance access of 

oligonucleotide to their target cells. To compare polyethylenimines and their dilution 

with HBS or HBG at different concentrations the best results were obtained with 

concentration C4 (40 pmol/well). LPEI polyplexes had lower level of splice correction 

than BPEI or c-LPEI. In HBS, BPEI seemed to be more suitable but on the other hand 

in HBG, c-LPEI showed better results. It is worth to mention that c-LPEI diluted either 

of HBS or HBG shows dose dependent increase in both cases but in BPEI this increase 

is visible only if BPEI is diluted in HBS.  
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7 Abbreviations 

ASO   antisense oligonucleotide 

ATP   adenosine triphosphate  

BCA   bicinchoninic acid 

BPEI   branched polyethylenimine 

BSA   bovine serum albumin 

CBB   coomassie brilliant blue G-250 dye 

c-LPEI   crosslinked linear polyethylenimine 

CO2   carbon dioxide 

DNA   Deoxyribonucleic acid 

DPBS   Dulbecco’s phosphate buffered saline 

FBS   Fetal Bovine Serum 

FF   firefly  

Fluc   Firefly luciferase 

Gluc   Gaussia luciferase 

GPI   glycosylphosphatidylinositol 

HBG   HEPES buffered glucose  

HBS   HEPES buffered saline  

kDA   kilodalton 

LAB   Luciferase Assay Buffer 

LMW   low molecular weight 

LPEI   linear polyethylenimine 

Luc   luciferase 

LUC SSO  luciferase splice switching oligonucleotide 

Mg2+   magnesium cation 

min   minutes 

miRNA  microRNA  

mRNA   messenger RNA 

MQ-water  MiliQ water (prepared in the Millipore device by reverse osmosis) 

MMCT  Laboratory of MacroMolecular Cancer Therapeutics 

ms   milliseconds 

MW   molecular weight 
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NEG SSO  negative splice switching oligonucleotide 

nm   nanometer 

N/P ratio molar ratio of nitrogens from the polyethylenimine and phospates 

from nucleic acid 

ONs   oligonucleotides 

pDNA   plasmid DNA 

PLB   Passive Lysis Buffer 

PEG   polyethylene glycol  

PEI   polyethylenimine 

Rluc   Renilla luciferase 

RLU(s)  relative light unit(s) 

RNA   Ribonucleic acid 

RNAi   RNA interference  

pre-mRNA  pre-messenger RNA 

rpm   rounds per minute 

R2   coefficient of determination 

SD   standard deviation 

sec   seconds 

siRNA   small interfering RNA 

SOP   standard operation procedure 

SSO   splice switching oligonucleotide 

SSO705   splice switching at 705 nucleotide 

µl   microliter 



68 
 

 

8 List of tables 

Table 1. Types of target for therapeutic oligonucleotides. ............................................. 13 

Table 2. Parameter list for pDNA/PEI optimization in transfection experiments. ......... 33 

Table 3. Parameter list for SSO/PEI optimization in transfection experiments. ............ 34 

Table 4. Composition of bovine serum albumin used in non-modified protocol. .......... 38 

Table 5. Composition of bovine serum albumin used in modified protocol. ................. 39 

 



69 
 

 

9 List of figures 

Figure 1. Stages of nucleic acid delivery into a cell. ...................................................... 11 

Figure 2. The schematic presentation of gene delivery process of polymers. ................ 15 

Figure 3. Splice switching reporter system. .................................................................... 17 

Figure 4. Difference in kinetics among luciferases. ....................................................... 20 

Figure 5. Firefly luciferase reaction. ............................................................................... 21 

Figure 6. Goals of the diploma thesis. ............................................................................ 23 

Figure 7. BSA standard curve for a BCA assay using modified protocol. ..................... 40 

Figure 8. Morphology of B16 cell line using 10x magnification. .................................. 41 

Figure 9. Morphology of B16 cell line using 20x magnification. .................................. 41 

Figure 10. Morphology of B16 cell line using 40x magnification. ................................ 42 

Figure 11. pCpG-hCMV-EF1α-LucSH plasmid. ............................................................ 43 

Figure 12. Thy1.2-Luc-pUC18 plasmid. ........................................................................ 43 

Figure 13. pUC19 plasmid. ............................................................................................. 44 

Figure 14. Transfection results of B16 cell line. ............................................................. 45 

Figure 15. Basic luciferase expression in HeLa pLuc 705 cell line. .............................. 46 

Figure 16. Luciferase expression after transfection with concentrations C1 and C2 

created in HBS with BPEI and LPEI. ............................................................................. 47 

Figure 17. Luciferase expression after transfection with concentrations C1 and C2 

created in HBG with BPEI and LPEI. ............................................................................ 48 

Figure 18. Luciferase expression after transfection with concentrations C3 and C4 with 

LPEI in HBG. ................................................................................................................. 49 



70 
 

Figure 19. Luciferase expression after transfection with concentrations C2, C3, C4 with 

BPEI in HBG. ................................................................................................................. 50 

Figure 20. Luciferase expression after transfection with concentrations C2, C3, C4 with 

BPEI in HBS. .................................................................................................................. 51 

Figure 21. Luciferase expression after transfection with concentrations C2, C3, C4 with 

c-LPEI in HBG. .............................................................................................................. 52 

Figure 22. Luciferase expression after transfection with concentrations C2, C3, C4 with 

c-LPEI in HBS. ............................................................................................................... 53 

Figure 23. Luminescence of BPEI /c-LPEI created in HBS. .......................................... 54 

Figure 24. Luminescence of BPEI /c-LPEI created in HBG. ......................................... 55 

Figure 25. Luminescence of BPEI created in HBG/HBS. .............................................. 56 

Figure 26. Luminescence of c-LPEI created in HBG/HBS. ........................................... 57 

 

 



71 
 

 

10 References 

Badr C. E. and Tannous B. A. Bioluminesence imaging: progress and applications. 

Trends in Biotechnology, 2011; 29(12): 624–633. 

Bainor A., Chang L., McQuade T.J., Webb B. and Gestwicki J.E. Bicinchoninic acid 

(BCA) assay in low volume. Analytical Biochemistry, 2011; 410(2): 310-312.  

Bauman J., Jearawiriyapaisarn N. and Kole R. Therapeutic potential of splice-switching 

oligonucleotides. Oligonucleotides, 2009; 19(1): 1–13. 

Bauman J. A., Li S.-D., Yang A., Huang L. and Kole R. Anti-tumor activity of splice-

switching oligonucleotides. Nucleic Acids Research, 2010; (38)22: 8348–8356. 

Benjaminsen R. V., Matterbjerg M. A., Herinksen J. R., Moghimi S. M. and Andresen 

T. L. The possible “proton sponge” effect of polyethylenimine (PEI) does not include 

change in lysosomal pH. Molecular Therapy, 2013; 21(1): 149-157. 

Biosettia. Renilla-Firefly Luciferase (RLuc)-T2A-(FLuc)-F2A-GFP-Bsd Lentivirus 

[online]. Revised at 04.2018 [cited at 2018-04-10]. Available from: 

http://biosettia.com/products-page/lentiviral-cell-labeling-and-imaging/rluc-t2a-fluc-

f2a-gfp-bsd-lentivirus/ 

Bonner D.K., Zhao X., Buss H., Langer R. and Hammond P.T. Crosslinked linear 

polyethyleneimine enhances delivery of DNA to the cytoplasm. Journal of Controlled 

Release: Official Journal of the Controlled Release Society, 2013; 167(1): 101–107. 

Bradford M.M. Rapid and sensitive method for quantitation of microgram quantities of 

protein utilising principle of protein dye binding. Analytical Biochemistry, 1976; 72: 

248–254. 

Breunig M., Lungwitz U., Liebl R. and Goepferich A. Breaking up the correlation 

between efficacy and toxicity for nonviral gene delivery. Proceedings of the National 

Academy of  Sciences of the United States of America, 2007; 104(36): 14454–14459. 

Campbell D.G., Gagnon J., Reid K.B.M. and Williams A.F. Rat brain Thy-I 

glycoprotein. Biochemical Journal, 1981; 195: 15-30. 

https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=21788092
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jearawiriyapaisarn%20N%5BAuthor%5D&cauthor=true&cauthor_uid=19125639
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2663420/
http://biosettia.com/products-page/lentiviral-cell-labeling-and-imaging/rluc-t2a-fluc-f2a-gfp-bsd-lentivirus/
http://biosettia.com/products-page/lentiviral-cell-labeling-and-imaging/rluc-t2a-fluc-f2a-gfp-bsd-lentivirus/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1964826/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1964826/


72 
 

Caroni P. Overexpression of growth-associated proteins in the neurons of adult 

transgenic mice. Journal of Neuroscience Methods, 1997; 71(1): 3-9. 

Castanotto D. and Stein C.A. Antisense oligonucleotides in cancer. Current Opinion in 

Oncology, 2014; 26(6): 584–589. 

Danino Y. M., Even D., Ideses D. and Juven-Gershon T. The core promoter: at the heart 

of gene expression. Biochimica et Biophysica Acta (BBA) – Gene Regulatory Mecha-

nisms, 2015; 1849(8): 1116-1131. 

Das S. K., Menezes M. E., Bhatia S., Wang X.-Y., Emdad L., Sarkar D. and Fisher P. B. 

Gene therapies for cancer: strategies, challenges and successes. Journal of Cellular 

Physiology, 2015; 230(2): 259–271. 

Ding Y., Jiang Z., Saha K., Kin C.S., Kim S. T., Landis R. F. and Rotello V. M. Gold 

nanoparticles for nucleic acid delivery. Molecular Therapy, 2014; 22(6): 1075–1083. 

England C. G., Ehlerding E. B. and Cai W. NanoLuc: A small luciferase is brightening 

up the field of bioluminescence. Bioconjugate Chemistry, 2016; 27(5): 1175–1187. 

Falzarano M.S., Passarelli C. and Ferlini A. Nanoparticle delivery of antisense 

oligonucleotides and their application in the exon skipping strategy for Duchenne 

muscular dystrophy. Nucleic Acid Therapeutics, 2014; 24(1): 87–100. 

Gao K. and Huang L. Non-viral methods for siRNA delivery. Molecular 

Pharmaceutics, 2009; 6(3): 651–658. 

Grimsley G.R. and Pace C.N. Spectrophotometic determination of protein concentra-

tion. Current Protocols in Protein Science, 2003; Supplement 33 (3.1.6). 

Guterstam P., Lindgren M., Johansson H., Tedebark U., Wengel J., El Andaloussi S.  

and Langel Ü. Splice-switching efficiency and specificity for oligonucleotides with 

locked nucleic acid monomers. Biochemical Journal, 2008; 412(2): 307-313. 

Havens M. A. and Hastings M. L. Splice-switching antisense oligonucleotides as 

therapeutic drugs. Nucleic Acids Research, 2016; 44(14): 6549–6563. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4048892/
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=27045664
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=19115957
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=19115957
https://www.ncbi.nlm.nih.gov/pubmed/18271753
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5001604/


73 
 

Chery J. RNA therapeutics: RNAi and antisense mechanisms and clinical applications. 

A Journal of Postdoctoral Research and Postdoctoral Affairs, 2016; 4(7): 35–50. 

Chira S., Jackson C.S., Oprea I., Ozturk F., Pepper M.S., Diaconu I., Braicu C., Raduly 

L.Z., Calin G.A. and Berindan-Neagoe I. Progresses towards safe and efficient gene 

therapy vectors. Oncotarget, 2015; 6(31): 30675–30703. 

Je H. J., Kim M. G. and Kwon H. J. Bioluminescence assays for monitoring 

chondrogenic differentiation and cartilage regeneration. Sensors (Basel Switzerland), 

2017; 17(6): 1306. 

Jin L., Zeng X., Liu M., Deng Y. and He N. Current progress in gene delivery 

technology based on chemical methods and nano-carriers. Theranostics, 2014; 4(3): 

240–255. 

Kasper J. C., Schaffert D., Ogris M., Wagner E. and Friess W. The establishment of an 

up-scaled micro-mixer method allows the standardized and reproducible preparation of 

well-defined plasmid/LPEI polyplexes. European Journal of Pharmaceutics and 

Biopharmaceutics, 2011; 77(1): 182-185. 

Kaufmann K. B., Büning H., Galy A., Schambach A. and Grez M. Gene therapy on the 

move. EMBO Molecular Medicine, 2013; 5(11): 1642–1661. 

Kruger N.J. The Bradford method for protein quantitation. The Protein Protocols 

Handbook, 2009; 17-24. 

Lowry O.H., Rosebrough N.J., Farr A.L. and Randall R.J. Protein measurement with the 

folin phenol reagent. Journal of Biological Chemistry, 1951; 193(1): 265-275. 

Lü J.-M., Liang Z., Wang X., Gu J., Yao Q. and Chen C. New polymer of lactic-co-

glycolic acid-modified polyethylenimine for nucleic acid delivery. Nanomedicine 

(Lond), 2016; 11(15): 1971–1991. 

Magnusson T., Haase R., Schleef M., Wagner E. and Ogris M. Sustained, high 

transgene expression in liver with plasmid vectors using optimized promoter-enhancer 

combinations. The Journal of Gene Medicine, 2011; 13(7-8): 382– 391. 

http://www.postdocjournal.com/archives/2875/rna-therapeutics-rnai-and-antisense-mechanisms-and-clinical-applications.htm
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5492100/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3915088/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4996154/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4996154/


74 
 

Ming X. and Feng L. Targeted delivery of a splice-switching oligonucleotide by 

cationic polyplexes of RGD-oligonucleotide conjugate. Molecular Pharmaceutics, 

2012; 9(5): 1502−1510.  

Müller K. T. Luciferase based reporter gene assays for investigating  nucleic acid 

delivery in vitro. Diploma thesis, 2017; 131 pages. 

Nguyen J. and Szoka F. C. Nucleic acid delivery: the missing pieces of the puzzle? 

Accounts of Chemical Research, 2012; 45(7): 1153–1162. 

Patel P. C., Giljohann D. A., Seferos D. S. and Mirkin C. A. Peptide antisense 

nanoparticles. Proceedings of the National Academy of  Sciences of the United States of 

America, 2008; 105(45): 17222–17226. 

Redmile-Gordon M.A., Armenise E., White R.P., Hirsch P.R. and Goulding K.W.T. 

A comparison of two colorimetric assays, based upon Lowry and Bradford techniques, 

to estimate total protein in soil extracts. Soil Biology & Biochemistry, 2013; 67(100): 

166–173. 

Resina S., Kole R., Travo A., Lebleu B. and Thierry A. R. Switching on transgene 

expression by correcting aberrant splicing using multi-targeting steric-blocking 

oligonucleotides. The Journal of Gene Medicine, 2007; 9: 498–510. 

Sadikot R. T. and Blackwell T. S. Bioluminescence imaging. Proceedings of the 

American Thoracic Society, 2005; 2(6): 537–540. 

Sampson D.L., Chng Y.L., Upton Z., Hurst C.P., Parker A.W. and Parker T.J. The hig-

hly abundant urinary metabolite urobilin interferes with the bicinchoninic acid assay. 

Analytical Biochemistry, 2013; 442(1): 110-117. 

Sawant R.R., Sriraman S.K., Navarro G., Biswas S., Dalvi R.A. and Torchilin V.P. 

Polyethyleneimine-lipid conjugate-based pH-sensitive micellar carrier for gene 

delivery. Biomaterials, 2012; 33(15): 3942–3951. 

Shen X. and Corey D. R. Chemistry, mechanism and clinical status of antisense 

oligonucleotides and duplex RNAs. Nucleic Acids Research, 2018; (46)4: 1584–1600. 

https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=22428908
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1964826/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1964826/


75 
 

Shkreta L. and Chabot B. The RNA splicing response to DNA damage. Biomolecules, 

2015; 5(4): 2935–2977. 

Schaffer D.V., Fidelman N.A., Dan N. and Lauffenburger D.A. Vector unpacking as a 

potential barrier for receptor-mediated polyplex gene delivery. Biotechnology and 

Bioengineering, 2000; 67(5): 598-606. 

Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K., Gartner, F. H., Provenzano, 

M. D., Fujimoto, E. K., Goeke, N. M, Olson, B. J., and Klenk, D. C. Measurement of 

protein using bicinchoninic acid. Analytical Biochemistry, 1985; 150(1): 76–85. 

Tan J.-K.Y., Sellers D. L., Pham B., Pun S. H. and Horner P. J. Non-viral nucleic acid 

delivery strategies to the central nervous system. Frontiers in Molecular Neuroscience, 

2016; 9: 108.  

Taschauer A., Geyer A., Gehrig S., Maier J., Sami H. and Ogris M. Up-scaled synthesis 

and characterization of non-viral gene delivery particles for transient in vitro and in vivo 

transgene expression. Human Gene Therapy Methods, 2016; 27(3): 87-97. 

Tate G. Function of the hydrophobic transmembrane portion of Thy-l antigen. Microbi-

ology and Immunology, 1990; 34(5): 433-477. 

Thermo Fisher Scientific. BCA Protein Assay Kit [online]. Revised at 04.2018 [cited at 

2018-04-22]. Available from: 

https://tools.thermofisher.com/content/sfs/manuals/MAN0011430_Pierce_BCA_Protein

_Asy_UG.pdf 

Thermo Fisher Scientific. Firefly Luciferase Assays & Vectors [online]. Revised at 

04.2018 [cited at 2018-04-10]. Available from: 

https://www.thermofisher.com/at/en/home/life-science/protein-biology/protein-assays-

analysis/reporter-gene-assays/luciferase-assays/firefly-luciferase-assays-vectors.html 

Thermo Fisher Scientific. Chemistry of Protein Assays [online]. Revised at 04.2018 

[cited at 2018-04-22]. Available from: https://www.thermofisher.com/cz/en/home/life-

science/protein-biology/protein-biology-learning-center/protein-biology-resource-

library/pierce-protein-methods/chemistry-protein-assays.html 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5088201/
https://tools.thermofisher.com/content/sfs/manuals/MAN0011430_Pierce_BCA_Protein_Asy_UG.pdf
https://tools.thermofisher.com/content/sfs/manuals/MAN0011430_Pierce_BCA_Protein_Asy_UG.pdf
https://www.thermofisher.com/at/en/home/life-science/protein-biology/protein-assays-analysis/reporter-gene-assays/luciferase-as
https://www.thermofisher.com/at/en/home/life-science/protein-biology/protein-assays-analysis/reporter-gene-assays/luciferase-as
https://www.thermofisher.com/cz/en/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/chemistry-protein-assays.html
https://www.thermofisher.com/cz/en/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/chemistry-protein-assays.html
https://www.thermofisher.com/cz/en/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/chemistry-protein-assays.html


76 
 

Tung J. K., Berglund K., Gutekunst C.-A., Hochgeschwender U. and Gross R. E. 

Bioluminescence imaging in live cells and animals. Neurophotonics, 2016; 3(2): 

025001. 

Ulasov A. V., Khrmtsov Y. V., Trusov G. A., Rosenkranz A. A., Sverdlov E. D. and 

Sobolev A. S. Properties of PEI-based polyplex nanoparticles that correlate with their 

transfection efficacy. Molecular Therapy, 2011; 19(1): 103–112. 

Vu L., Ramos J., Potta T. and Rege K. Generation of a focused poly(amino ether) 

library: polymer-mediated transgene delivery and gold-nanorod based theranostic 

systems. Theranostics, 2012; 2(12): 1160–1173. 

Walker J.M. The Bicinchoninic acid (BCA) assay for protein quantitation.  Basic 

Protein and Peptide Protocols, 1994; 32: 5-8.  

Wang X., Wiesinger J., Beard J., Felt B., Menzies S., Earley Ch., Allen R. and Connor 

J. Thy1 expression in the brain is affected by iron and is decreased in restless legs 

syndrome. Journal of the Neurological Sciences, 2004; 220(1-2): 59-66. 

Waterborg J.H. The Lowry method for protein quantitation. The Protein Protocols 

Handbook, 2009; 7-10. 

Watts J.K. and Corey D.R. Gene silencing by siRNAs and antisense oligonucleotides in 

the laboratory and the clinic. The Journal of Pathology, 2012; 226(2): 365–379. 

Xie J., Teng L., Yang Z., Zhou C., Liu Y., Young B. C. and Lee R. J. 

A polyethylenimine-linoleic acid conjugate for antisense oligonucleotide delivery, 

Biomed Research International. 2013; 2013: 710502. 

Zaman M., Ahmad E., Qadeer A., Rabbani G. and Khan R.H. Nanoparticles in relation 

to peptide and protein aggregation. International Journal of Nanomedicine, 2014; 9: 

899–912. 

Zhang L., Chen Z. and Li Y. Dual-degradable disulfide-containing PEI-pluronic/DNA 

polyplexes: transfection efficiency and balancing protection and DNA release. 

International Journal of Nanomedicine, 2013; 8: 3689–3701. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Hochgeschwender%20U%5BAuthor%5D&cauthor=true&cauthor_uid=27226972
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4874058/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3017456/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3563149/
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=22069063
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3683435/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3792845/


77 
 

Zhao Y. and Huang L. Lipid nanoparticles for gene delivery. Advances in Genetics, 

2014; 88: 13–36. 

Zhu J., Thakolwiboon S., Liu X., Zhang M., and Lubman D. M. Overexpression of 

CD90 (Thy-1) in pancreatic adenocarcinoma present in the tumor microenvironment. 

PLoS ONE, 2014; 9(12): e115507. 

https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=25409602

